Characterisation of materials for organic photovoltaics by Thomsen, Elizabeth Alice
CHARACTERISATION OF MATERIALS FOR ORGANIC
PHOTOVOLTAICS
Elizabeth Alice Thomsen
A Thesis Submitted for the Degree of PhD
at the
University of St. Andrews
2008
Full metadata for this item is available in the St Andrews
Digital Research Repository
at:
https://research-repository.st-andrews.ac.uk/
Please use this identifier to cite or link to this item:
http://hdl.handle.net/10023/462
This item is protected by original copyright
This item is licensed under a
Creative Commons License
Characterisation of Materials
for
Organic Photovoltaics
Elizabeth Alice Thomsen
January 2008
A thesis submitted to the School of Physics and Astronomy,
University of St Andrews in application for the degree of
Doctor of Philosophy
Abstract
Organic solar cells offer the possibility for lightweight, flexible, and inexpensive
photovoltaic devices. This thesis studies the physics of a wide range of materials
designed for use in organic solar cells. The materials investigated include conju-
gated polymers, conjugated dendrimers, and inorganic nanocrystals.
The materials studied in this thesis fall into five categories: conjugated poly-
mers blended with a buckminsterfullerene derivative PCBM, nanocrystals syn-
thesised in a conjugated polymer matrix, conjugated polymers designed for in-
tramolecular charge separation, conjugated dendrimers blended with PCBM, and
nanocrystals synthesised in a matrix of conjugated small molecules or dendrimers.
Conjugated polymers blended with PCBM have been extensively studied for
photovoltaic applications, and hence form an ideal test bed for new experiments.
In this thesis this blend was used to achieve the first pulsed electrically detected
magnetic resonance experiments on organic solar cells.
Nanocrystals are attractive for photovoltaics because it is possible to tune their
band gap across the solar spectrum. In this thesis a one-pot synthesis is used to
grow PbS and CdS nanocrystals in conjugated polymers, soluble small molecules,
and dendrimers, and characterisation is performed on these composites. Previous
work on dendrimer: nanocrystal composites has been limited to non-conjugated
molecules, and the synthesis developed in this thesis extends this work to a con-
jugated oligomer and a conjugated dendrimer. This synthesis can potentially be
extended to a variety of conjugated soluble small molecule: nanocrystal and den-
drimer: nanocrystal systems.
i
ii
Conjugated dendrimers have been successfully employed in organic light emit-
ting diodes, and in this thesis they are applied to organic solar cells. Materi-
als based on fluorene and cyanine dye cores show excellent absorption tunablility
across the solar spectrum.
A set of electronically assymetric polymers designed for intramolecular charge
separation were investigated. Quenching of the luminescence was observed, and
light induced electron paramagnetic resonance measurements revealed that pho-
toexcitation led to approximately equal numbers of positive polarons and nitro
centred radical anions. This indicates that charge separation is occurring in these
molecules.
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1
Overview
Here is Edward Bear coming downstairs now, bump, bump,
bump, on the back of his head, behind Christopher Robin. It is,
as far as he knows, the only way of coming downstairs, but
sometimes he feels that there really is another way. . . if only he
could stop bumping for a minute and think of it!
A.A. Milne
1.1 Motivation
The demand for energy is increasing globally. A rise of 60% in world energy de-
mand is expected by 2030 [1]. In parallel with this, CO2 emissions are increasing
as a result of human activities and our climate is getting warmer. The Intergovern-
mental Panel on Climate Change predicts there will be an increase in temperature
1
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of between 1.8◦C and 4.0◦C by the end of the century if no action is taken [2]. This
temperature increase is extremely likely to have vast effects, including sea levels
rising by 18− 59 cm and an increased intensity of tropical storms [2].
The technology of photovoltaics, whereby energy from the sun is converted into
electricity, offers the possibility of a clean source of electricity without the pollution
concerns of gas or coal-fired power stations, or the safety concerns associated with
nuclear energy.
However, the excessive cost of conventional solar cells based on inorganic semi-
conductors has prohibited this technology from having a significant impact on
global energy production. Although crystalline silicon and multijunction gallium
based solar cells have demonstrated efficiencies of up to 25% and 32% respectively
[3], commercially available silicon solar cells have efficiencies from 12% to 15%.
Fabrication of such devices is expensive, and the payback time can be up to a
decade [4]. Thus, an important research area is the development of new materials
for solar cells. Ideally these materials will lead to devices which are cheaper to
fabricate and require less energy to produce than silicon solar cells.
Possible alternatives to silicon solar cells include semiconductor thin films [4],
the dye sensitised solar cell [5], and thin films of organic materials such as conju-
gated polymers [6] or conjugated dendrimers [7]. In this thesis, I will concentrate
on the development of devices based on organic semiconductors.
Conjugated materials are inherently inexpensive and can be processed using
high throughput, low temperature processes such as printing [8, 9]. They have high
absorption coefficients [10], and this allows thin films to be used and hence lowers
material costs. The synthesis of such molecules is very flexible and allows electronic
parameters and solubility to be altered [11]. In addition, there is the possibility
of using flexible plastic substrates for organic photovoltaic devices, making the
structure far more versatile than conventional silicon solar cells [9, 12].
There are several classes of conjugated materials which are promising for pho-
tovoltaic applications. Conjugated polymers have been widely studied and have
excellent potential [13]. A much newer class of materials are conjugated den-
drimers. These have proved very successful in organic light emitting diodes [14]
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and are likely to find applications in photovoltaics [7]. In general, photovoltaic
devices based on these conjugated materials show significantly improved perfor-
mance when the organic semiconductor is blended with a second material. Most
commonly this is a C60 derivative [6], whilst inorganic nanocrystals may also be
employed [15]. Each of these blends has advantageous properties, and several such
blends will be explored in this thesis.
There are several key processes involved in the operation of an organic solar
cell. These include light absorption, charge separation, and charge transport [11].
By investigating each of these processes individually, a more detailed knowledge
of the materials and how they function in an organic solar cell may be obtained.
The material must absorb solar radiation efficiently and therefore a detailed in-
vestigation of the absorption spectrum of the material is required [16]. Charge
separation may be investigated using various techniques including photolumines-
cence quantum yield [17] and light induced electron paramagnetic resonance [18],
whilst current-voltage [19] and electrically detected magnetic resonance measure-
ments [20] advance understanding of the device as a whole.
1.2 Thesis Structure
In Chapter 2 the background and development of photovoltaics will be introduced.
Conjugated materials and their electronic properties will then be described, and
an outline of how these materials have been used in organic photovoltaic structures
will be given.
Photoluminescence quantum yield, light induced electron paramagnetic reso-
nance, and electrically detected magnetic resonance have been used to elucidate
the properties of candidate materials for use in photovoltaics. These methods were
chosen as together they build a picture of the physics of both the material and of
organic solar cells. Chapter 3 presents the background and theoretical aspects of
these techniques.
The material systems investigated in this thesis will be outlined in Chapter 4.
Chapter 5 describes the methods used in the thesis, including the experimental
1.2 Thesis Structure 4
realisation of the techniques described in Chapter 3.
In Chapters 6 to 10 the results from each of the materials systems studied are
presented. Measurements on polymer systems are presented, before results from
conjugated dendrimers are described.
In Chapter 6 blends of polymers with fullerene derivatives are considered. Of
the materials studied in this thesis, these blends have received the most attention
in the literature [6] and therefore may be used as test systems for experimental
techniques. Chapter 7 will describe the synthesis and characterisation of blends of
polymers with inorganic nanocrystals. The final chapter on polymers, Chapter 8,
considers results of studies on charge separation polymers.
The next two chapters present results on low molecular weight molecules such
as dendrimers and oligomers; in Chapter 9 work on blends of dendrimers with
fullerene derivatives is described, and in Chapter 10 initial results of a blend of an
oligomer or dendrimer with nanocrystals is discussed.
Chapter 11 summarises the thesis and outlines future work.
2
Background Theory
Sooner or later we shall have to go directly to the sun for our
major supply of power. This problem of the direct conversion of
sunlight into power will occupy more and more of our attention
as time goes on, for eventually it must be solved.
Edison Pettit, Wilson Observatory, 1932
2.1 Development of Photovoltaics
The photovoltaic effect was discovered in 1839 by Becquerel [21]. However it was
not until 1883 that Charles Fritts developed the first solar cell, based on selenium
[22]. In 1954 Chaplin et al. from Bell Laboratories found that silicon doped with
certain impurities was very sensitive to light [23]. This led to the first practical solar
cells, with power conversion efficiency of around 6% at an estimated production
5
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cost of US$200 per Watt [19]. Spacecraft provided the main application during
the next 20 years, where the necessities of low weight and reliability made the cost
of the cells unimportant. In the 1970s oil embargoes led to a sudden interest in
alternative sources of energy, and the first modern solar modules for terrestrial use
were fabricated in 1976 [24]. The development of solar cells can be considered to
be in three generations, as described below.
First Generation Devices based on silicon wafers (such as those developed by
Bell Laboratories) are termed the “first generation” of photovoltaic cells. Devel-
opment of this technology continues up to the present time, with economies of
scale and increases in efficiency driving reductions in cost. Their current cost is
∼US$4/Wp1, which is still too high to have a significant impact on the energy pro-
duction market. In the case of the United States, the largest consumer of energy,
the target cost of the U.S. Department of Energy is US$0.33/Wp but it is expected
that costs of these cells will level off at between US$1/Wp and US$1.50/Wp [11].
Second Generation The “second generation” of photovoltaic materials are
based on thin film technologies not requiring the use of silicon wafers. This en-
ables them to be produced at a significantly lower cost. Materials and technologies
under investigation or in production include amorphous silicon, cadmium telluride
and copper indium gallium selenide (CIGS) [11].
Third Generation For solar cells to achieve truly competitive cost to efficiency
ratios, significant breakthroughs in technology are likely to be required. Such tech-
nologies are known as “third generation” photovoltaics. These are broadly defined
as semiconductor devices which do not rely on traditional p-n junctions to separate
photogenerated charges. “Third generation” technologies can be divided into IIIa
and IIIb. Cells in IIIa aim for very high efficiencies, and thus the allowed cost
of the cell can be quite high. Possible technologies include hot carriers, multiple
electron-hole pair creation, and thermophotonics. Working devices have yet to be
1watt-peak: a unit of power output giving the maximum power in watts of a 1 m2 panel at
25 ◦C
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achieved [25]. The goal of IIIb devices is to achieve moderate efficiency with very
low cost. It is in this area that organic based photovoltaic devices are likely to
have a significant impact. Cost efficiency analysis for each of the generations are
shown in Figure 2.1 [11].
Figure 2.1: Cost efficiency analysis of first, second, and third (IIIa and IIIb)
generation photovoltaic devices. Adapted from [11].
Some of the advantages of organic materials for photovoltaics are that small
organic molecules, dendrimers, and polymers are inherently inexpensive, and that
the materials have high absorption coefficients [10] thus allowing films of thickness
of order one hundred nanometres to be used. Devices can be fabricated using high
throughput, low temperature processes such as printing [8], and because these
processes require less energy than that required for the manufacture of silicon
based devices the production costs are lower.
There is also the possibility of using flexible plastic substrates for organic pho-
tovoltaic devices [9, 12]. This will allow them to be integrated into building struc-
tures in ways impossible for conventional solar cells.
In addition to the advantages in fabrication there are significant advantages
resulting from the flexibility in the synthesis of the molecules, which allows pa-
rameters such as the molecular weight, energy levels, bandgap, and solubility to
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be altered. Combined with the physical fabrication advantages these chemical
properties make the organic solar cell an incredibly versatile design.
However, these organic materials also introduce challenges not seen in con-
ventional devices. The principal challenge is producing devices which have high
enough efficiencies and lifetimes and low enough cost to make them commercially
viable. Market entry values are around 10% device efficiency (and a module effi-
ciency2 of 5%), a lifetime of 3 - 5 years, and ideally a cost of less than US$1/Wp
[9]. Organic light emitting diodes (OLEDs) are now showing reasonable lifetimes
at high injection currents (over 20 000 hours at room temperature and luminance
up to 100 cdm−2 [26]), and it would appear likely that organic photovoltaic devices
can use these developing techniques to increase lifetimes. To improve the efficiency
both material properties and device fabrication need to be optimised. The required
improvement in the materials requires a greater understanding of the underlying
physics involved, and it is in this area that this thesis concentrates.
Before a detailed description of the materials is given it is necessary to have
an appreciation of the application: organic photovoltaic devices. In the next two
sections the parameters measured to calculate a power conversion efficiency are
outlined, along with the various device structures used in organic solar cells.
2.2 Solar Cell Parameters
Photovoltaic devices convert sunlight into electricity. The power conversion effi-
ciency of a cell, η, is the ratio of the maximum power generated by the device,
Pout, to the incident power, Pin, due to sunlight, and is generally expressed as a
percentage.
η =
Pout
Pin
(2.1)
The incident power is a function of the solar spectrum, and is generally given
in terms of air-mass (AM) which is defined to be:
AM =
1
cos θ
(2.2)
2When devices are connected into modules the connection requirements lead to less of the total
area being photovoltaically active. Thus, module efficiencies are lower than device efficiencies.
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where θ is the angle of the sun, measured from directly overhead. The air-mass
gives an indication of the amount of atmosphere which the light has passed through
to reach the surface of the Earth. The standard for device testing is AM1.5, which
corresponds to an angle of 41.8◦, and a total power density of 100 mW/cm2 [27].
The AM1.5 spectrum is shown in Figure 2.2.
Figure 2.2: The AM1.5 solar spectrum. Many of the deep minima in this spectrum
are due to absorption within the Earth’s atmosphere.
Experimentally, the power generated by a device is calculated from its current
versus voltage (I-V) curve, an example of which is shown in Figure 2.3. The power
generated is:
Pout = ImpVmp (2.3)
where Pout is the maximum power point and is given by the product of Imp and
Vmp (see Figure 2.3). Alternatively, Pout can be expressed as:
Pout = VocIscFF (2.4)
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Figure 2.3: The current versus voltage curve in the dark (dashed line) and under
illumination (solid line). Isc is short circuit current, Voc is open circuit
voltage, and Imp and Vmp are the current and voltage respectively at
the maximum power point.
where Isc is short circuit current and is defined to be the current produced with
zero bias voltage, Voc is the open circuit voltage and is the applied bias at which
no current flows since the photogenerated current is equal to the dark current, and
the fill factor (FF ) describes how well the maximum power rectangle fills the area
of the I-V curve. From Equations 2.3 and 2.4 the FF is defined to be:
FF =
ImpVmp
IscVoc
(2.5)
Isc, Voc, and FF are often quoted along with the power conversion efficiency, η, and
in order to achieve maximum power conversion efficiency each of these parameters
needs to be optimised.
2.3 Device Structure
The basic structure of a photovoltaic device is shown in Figure 2.4; the active
material is sandwiched between two metallic electrodes, metal 1 and metal 2. To
2.3 Device Structure 11
allow photons to be absorbed in the active material metal 1 must be transparent
to sunlight. Indium tin oxide (ITO), which fulfills this transparency requirement,
is generally used. Materials for metal 2 include calcium with a layer of aluminium
evaporated on top to prevent oxidisation, aluminium alone, lithium fluoride capped
by aluminium, gold, and silver [28, 29]. Metals 1 and 2 have different work func-
tions, and this creates an electric field across the active material which may assist
to sweep away excited charge carriers generated in the active material. There is
no generally consistent understanding within the literature as to how much the
device parameters, particularly the open circuit voltage, are affected by the energy
levels of the electrodes and the active material [30, 31, 32, 33, 34].
Metal 2
Active material
Metal 1
Load
Figure 2.4: Photovoltaic device structure
There are several key requirements for the active materials. They should be
broadband absorbers and have low fluorescence. Photoexcitations in the active
material produce bound excitons (bound electron hole pairs), and these excitons
must dissociate in order for charge transport to occur. Therefore, active materials
should ideally have long diffusion lengths so that once an exciton is created it
can reach an interface and be separated into charge carriers. In addition, the
materials need to have good charge transport properties for these charges to reach
the electrodes. Finally, to be able to utilise these properties and to lower fabrication
costs the material should be soluble (although this is not essential).
The following presents an overview of the basic types of device architecture.
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2.3.1 Single Layer Devices
The first organic solar cells were based on a layer of polymer between two metal
electrodes. In this structure there are only two interfaces at which excitons can
dissociate. This, combined with the short exciton diffusion length in polymers
(around 10 nm in polyphenylenevinylene (PPV) [35]) and poor electron mobility
[36] results in very low efficiencies, generally between 10−3 and 10−1%.
2.3.2 Bilayer Heterojunction Devices
In a bilayer heterojunction donor and acceptor materials are stacked sequentially
and sandwiched between two electrodes [37]. Charge separation occurs at the
interface between the two active materials, with the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels of the
donor higher than those of the acceptor [10, 38]. After the excitons are dissociated
the electron travels within the acceptor and the hole through the donor material,
as shown in Figure 2.5. Thus the opposite charges are physically separated from
each other and unlikely to recombine.
2.3.3 Bulk Heterojunction Devices
The idea of a bulk heterojunction is to blend the donor and acceptor materials so
that an absorbing site is always within an exciton diffusion length of an interface.
The donor and acceptor phases have to form an interpenetrating and bicontinuous
network in order for the separated charges to have a percolation path to the elec-
trode [10], as shown in Figures 2.6 and 2.7. Whilst this structure has the potential
for high efficiency, bulk heterojunction devices are very sensitive to morphology
changes as isolated domains can trap charges, hence leading to recombination [10].
Devices using this structure are much more efficient than single layer devices, with
efficiencies now around 5.5% [39].
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Figure 2.5: Generic energy level structure for a bilayer heterojunction solar cell. A
photon is absorbed in the active material forming an exciton. The ex-
citon is then separated at the interface and the charges are transported
through the appropriate medium to the electrodes.
2.3.4 Diffuse Bilayer Heterojunction Devices
Conceptually, a diffuse bilayer heterojunction lies between a bilayer and a bulk
heterojunction. As with the bilayer heterojunction there are sequential layers of
donor and acceptor. However, instead of the interface between them being planar it
is diffuse [10]. This can be achieved in several ways: thin films of the two materials
can be pressed together in a lamination process [40], the second material can be
spincast from a solvent which partially dissolves the first film [41], and a bilayer
device can be annealed [42]. The advantage of the diffuse bilayer heterojunction
structure is that there is a central region in which the excitons can be separated,
as in a bulk heterojunction, and the acceptor material has full contact with metal
2 and the donor material with metal 1, as in a bilayer heterojunction. Thus, the
charges have uninterrupted pathways to the electrodes.
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Figure 2.6: Generic energy level structure for a bulk heterojunction solar cell. A
photon is absorbed in the active material forming an exciton. The
exciton is then separated and the charges are transported through the
appropriate medium to the electrodes.
Figure 2.7: Morphology of bulk heterojunction. The absorption of a photon leads
to the formation of an exciton. The exciton can then diffuse to an
interface between the two materials, and separate. The electron and
hole travel to the appropriate electrode through the interpenetrating
network.
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2.4 Conjugated Materials
In this section the properties and types of conjugated materials used in organic
photovoltaics will be reviewed.
Conjugation arises from a series of alternating single and double bonds within
a molecule. Semiconducting organic materials such as those used in organic pho-
tovoltaics have carbon atoms that are sp2, or occasionally sp, hybridised [43]. This
leaves the pi electrons available to delocalise into a cloud [44]. If the chain was uni-
form this would lead to metallic behaviour. However, as single bonds are longer
than double bonds a perturbation is produced in the electronic states of the mate-
rial and a bandgap is formed in the electronic spectrum [13]. Ideally, this bandgap
is similar to the bandgaps of inorganic semiconductors such as silicon and gallium
arsenide, allowing the material to absorb visible light.
2.4.1 Conjugated Polymers
A polymer is a long chain of repeating subunit molecules, or monomers. The vast
majority of polymers are those in which the carbon atoms which make up the
chain are sp3 hybridised and hence form four σ bonds with neighbouring atoms.
Traditionally such polymers have been used in electronics as insulating and dielec-
tric layers. In 1977 the first intrinsically conducting polymer, doped polyacetylene,
was discovered [45]. Since 1990, undoped conducting polymers have emerged as
potentially useful electronic materials, including in light emitting diodes and pho-
tovoltaics. A range of conjugated polymers are shown in Figure 2.8.
Conjugated polymers have semiconductor-like electronic properties but the
mechanical properties and processing advantages of polymers. In addition, the
bandgap of the polymer can be varied with changes in the synthesis, enabling
tailoring of the electronic properties. These properties are expected to lead to
significant developments in solar cell technology [6, 13].
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Figure 2.8: Molecular structures of a range of conjugated polymers.
Electronic Properties
Unlike in inorganic semiconductors the charged species in organic semiconductors
are not simply free electrons and holes. In polymers this is due to the quasi one-
dimensional nature of the materials which leads to charges and excited states being
accommodated by local changes in the chain geometry [43].
Polarons A polaron is a charge plus an associated lattice distortion. The physi-
cal size of a polaron depends on the material; in poly(p-phenylene vinylene) (PPV)
(structure shown in Figure 2.8) it has been estimated to be three to four monomer
units [46]. Both positive and negative polarons are possible. Polarons have spin
1
2
, and transport charge along the polymer chain.
A polaron increases the energy of the system and turns part of the molecule
to a higher energy state. This is shown in Figure 2.9 for poly(para-phenylene)
for the case of a positive polaron [47]. The charge induces a change in the bond
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configuration leading to part of the chain changing from the aromatic structure to
the higher energy quinoid structure.
Figure 2.9: The effect of a polaron on the structure of poly(para-phenylene) [47].
It is worth noting that the charge carriers in polymers are often referred to
as electrons and holes instead of the more cumbersome but accurate negative and
positive polarons.
Excitons When an electron is promoted from the HOMO into the LUMO it
leaves a hole. These two charges are bound together to form an exciton. Alter-
natively, an exciton can be thought of as a positive and a negative polaron bound
by Coulomb interactions. Both singlet (where spins are anti-parallel) and triplet
(spins parallel) excitons can exist, but for photovoltaic applications singlet excitons
are of most interest. This is because photoexcitations produce singlet excitons due
to conservation of spin [17].
Inter-molecular species The species discussed thus far have all been confined
to one polymer chain, and hence are intra-chain species. As chains are in close
proximity in a polymer film inter-chain species can also occur. These include
excimers, inter-chain excitons, and aggregates.
An excimer is a complex between an excited state of one polymer chain and a
ground state of another chain. In an inter-chain exciton the positive and negative
charges are on different chains whilst an aggregate is essentially similar to an
excimer except involves delocalisation over two or more chains in the excited and
ground states.
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Processing
The first developed conjugated polymers, such as PPV (Figure 2.8), are insoluble.
There are several methods which can be used to overcome this problem.
The first solution is to synthesise materials which have solubilising side groups
attached to the polymer backbone, thus allowing the material to be dissolved in
common solvents. An example of such a polymer is MEH-PPV (Figure 2.8). These
materials can be spun cast to form thin films.
The second method is to use a soluble precursor polymer [48]. Historically this
method precedes solubilising groups. These precursor materials are non-conjugated
and have a removable solubilising side group. As this material is solution process-
able it can be spun cast into thin films for devices. Upon heating in a vacuum the
side group leaves the polymer chain. This leaving group also removes a hydrogen
atom from the carbon atom to which it was bonded. This results in a double bond
linkage on the polymer chain, and the conjugation required. An example of this
process is shown in Figure 2.10 for a xanthate precursor to PPV.
Figure 2.10: The thermal conversion of a precursor polymer. Under heat and
vacuum the side group leaves the polymer, thus creating a conjugated
polymer.
2.4.2 Conjugated Dendrimers
Another category of organic semiconductor used for optoelectronics is small mol-
ecules (molecules with molecular mass less than a few thousand atomic mass units)
[38]. One of the advantages of using small molecules is that they have greater chem-
ical purity than polymers, with polymers more prone to defects due to their larger
size. However, many small molecules cannot be processed from solution. Conju-
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gated dendrimers generally have molecular masses lying between small molecules
and polymers [11] and retain the chemical purity of small molecules but with the
advantage of being solution processable.
One of the key differences between dendrimers and polymers is that dendrimers
are highly branched. The conjugated dendrimer consists of three main parts: the
core, the dendrons, and the surface groups (as shown in Figure 2.11). Conjugated
dendrimers were originally designed to have efficient charge transport, specific
luminescence, and solution processing for OLEDs [49]. The conjugation can be
broken between the different groups (for example by using meta linkages [50]),
and thus excitations are not delocalised across the entire molecule. The energy
can be localised on the core of the dendrimer by using the correct choice of energy
gradient between the the dendrons and the core [51].
Figure 2.11: Generic structure of a dendron molecule, adapted from [52].
The various components of the conjugated dendrimer control different proper-
ties of the dendrimer. The core structure, which is either monomeric, polymeric
or molecular, determines the absorption (or emission) of light; the dendrons con-
trol charge transport and molecular spacing; and the surface groups determine the
solubility of the molecule [49, 50]. The size of the dendrimer can be altered by
adding more dendrons in a fractal fashion, as shown in Figure 2.12. The num-
ber of such branchings is termed the generation of the dendrimer, and influences
the charge mobility properties of thin films of the dendrimer [50]. Thus, the den-
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drimer structure allows independent tuning of the absorption and the processing
properties.
Figure 2.12: Structures of a family of dendrimers from generation (G) 0 to 3 [50].
As conjugated dendrimers are soluble, several materials with different cores
(and hence different absorption properties) may be blended together and cast into
a film. This allows absorption over a wider range of the solar spectrum than
one material alone and potentially leads to enhanced performance in photovoltaic
devices.
2.5 Acceptor materials
As introduced in Section 2.3, solar cells are greatly improved by using one material
for hole transport and another for electron transport. The blend of materials can
be polymer blends [40], fullerenes in a polymer matrix [53], or nanocrystals in
polymer [54]. Although the vast majority of work has been done on blends with
polymers, the same principle holds for dendrimers [7].
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2.5.1 Fullerenes
Buckminsterfullerene, C60, (Figure 2.13) is an excellent electron acceptor and hence
lends itself to being used in polymer blends [55]. Many conjugated polymers
show a sub-picosecond photoinduced electron transfer from the excited state of
the polymer onto the C60 [56, 57], whilst the recombination takes place on a
microsecond timescale [58], allowing the charges to be collected at the electrodes.
C60 is not readily soluble in many of the solvents used for conjugated poly-
mers. However, the development of soluble C60 derivatives such as [6,6]-Phenyl
C61 butyric acid methyl ester (PCBM), shown in Figure 2.13, has allowed bulk
heterojunctions to be formed. Power conversion efficiencies of around 5.5% have
recently been reported for bulk heterojunctions based on fullerenes [39].
Figure 2.13: (a) C60 and (b) PCBM structures
2.5.2 Nanocrystals
A nanocrystal is a very small crystal of semiconductor material with quantum-like
properties. The size of the crystal (generally between 2 and 200 nm) compared to
the Bohr radius of the exciton determines the degree of quantum confinement. As
the crystal becomes smaller than the Bohr radius, the confinement increases, which
changes the optical and electrical properties of the crystal. As the size decreases
a blue shift of the bandgap appears, and discrete level structures develop [59], as
shown in Figure 2.14 [60].
One of the advantages of using nanocrystals in photovoltaics is the ability to
tune the band gap across the solar spectrum [61]. For nanocrystals to be effective
2.5 Acceptor materials 22
Figure 2.14: Density of States (DOS) in one band of a semiconductor as a func-
tion of dimension. As the confinement increases discrete energy level
structures develop [60].
electron acceptors in photovoltaic systems they should ideally have an electron
affinity which is less than the ionisation potential of the donor, have good interfaces
with the conjugated material, extend the absorption of the conjugated material,
and improve electronic transport.
To date, research has concentrated on using cadmium selenide crystals in a va-
riety of conducting polymers; MEH-PPV [62], P3HT [63], and OC1C10-PPV [64].
As well as the type of polymer, the shape and size of the nanocrystal has been var-
ied; spherical crystals [62], rods [63], and tetrapods [64] have all been synthesised.
Increased efficiency has been seen with each change, although the differences in
processing and environment of the nanocrystals make it difficult to pinpoint the
reason for this increased efficiency. However, it has been postulated that with
rod structures a smaller number of interparticle hops are needed for the electrons
to reach the electrode from the excitation site [54]. In the tetrapods their shape
makes it impossible for them to lie flat in the film, allowing more direct transport
towards the electrode [64]. Currently, the highest power conversion efficiency for
polymer nanocrystal blends under AM1.5 Global conditions is 2.4% [65].
Generally in these nanocrystal syntheses a soap like surfactant such as octa-
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decyl phosphonic acid is used, and the reaction is performed using a two step
nucleation and growth process at high temperature (300 ◦C) [66]. To then use
these nanocrystals in a blend with a polymer the two components must be com-
bined post-synthesis [15]. There are several disadvantages associated with this
method: the nanocrystal surfactant must be removed in order for interaction be-
tween the nanocrystal and polymer to occur [67], and the use of co-solvents to
create a solution containing both nanocrystals and polymer has adverse effects on
the solubility and conformation of both materials.
An alternative approach to the synthesis involves using non-ionic polymers such
as poly-vinyl alcohol (PVA) as steric surfactants [68]. Watt et al. have significantly
advanced this synthesis by using conjugated rather than insulating polymers and
adapting it to allow control over nanocrystal size [69]. This synthesis has been
applied to lead sulphide nanocrystals in the polymer MEH-PPV (structure in
Figure 2.8), with the nanocomposite being used to produce solar cells [70]. This
one-pot synthesis will be explored in more detail in Chapter 7 and Chapter 10..
3
Background of Experimental Approach
Twinkle twinkle little Spin
Are you single or are you twin?
Are you real or are you false?
How I crave your resonant pulse
John A. Weil
As outlined previously, there are several processes that contribute to the oper-
ation of an organic solar cell. Primarily they are: absorption of photons to form
excitons, dissociation of excitons, and charge transport. By investigating each of
these processes, together with device performance, a holistic picture of the device
physics is produced.
In this thesis I will investigate a range of materials (both hole acceptors and
electron acceptors) using a variety of techniques. Ultimately this will allow new
materials to be designed retaining the advantages of the current generation of
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materials but improving on their shortcomings.
Much of the work in this thesis focusses on the investigation of charge sep-
aration processes using the techniques of photoluminescence quantum yield and
light induced electron paramagnetic resonance. Visible spectroscopy was employed
to measure absorption, and atomic force microscopy was employed to measure
morphology. In addition, several experiments gave information on the processes
occurring in a working device. These include electrically detected magnetic res-
onance and current-voltage measurements. The principles behind some of these
techniques will be described below.
3.1 Photoluminescence Quantum Yield
A simple test for charge separation is photoluminescence quantum yield (PLQY).
This is defined as the ratio of the number of photons emitted in photoluminescence
to the number of photons absorbed, and is generally expressed as a percentage [17].
Φ =
number of photons emitted
number of photons absorbed
(3.1)
For solar cells a low PLQY is desirable as this indicates that there is little ra-
diative recombination. However it is conceivable that there could be high levels
of non-radiative recombination (not detected with PLQY) limiting the number of
excitons, and hence limiting the number of charges available for transport. Hence,
light-induced electron paramagnetic resonance (LEPR) measurements are some-
times performed to further investigate charge separation.
3.2 Electron Paramagnetic Resonance
Electron paramagnetic resonance (EPR) spectroscopy (also known as electron spin
resonance (ESR)) studies the interaction between magnetic moments of unpaired
electrons and an applied magnetic field. This interaction is studied by induc-
ing magnetic dipole transitions with an electromagnetic field at the appropriate
frequency.
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A paramagnetic material is only magnetised in the presence of an external
magnetic field. The atoms or molecules of a paramagnetic material have permanent
magnetic moments, generally due to unpaired electrons in the electron orbitals [71].
EPR can be illustrated by considering the lifting of spin degenerate levels for
unpaired electrons (or holes), characterised by the quantum number ms = ±12 .
This lifting of the degeneracy occurs upon the application of a magnetic field,
and results from the Zeeman interaction. Electromagnetic radiation then induces
transitions between the spin levels, as shown in Figure 3.1 where g is the Lande
factor (2.00232 for a free electron), β is the Bohr magneton, and B is the magnetic
field strength. The energy of the radiation which induces transitions corresponds
to the separation between the permitted energy levels ∆E = gβB = ~ω.
Figure 3.1: Energy levels of an electron placed in a magnetic field. The reso-
nance fields corresponding to electromagnetic radiation at 9.5 GHz
and 35 GHz (both commonly used frequencies in EPR experiments)
are shown.
To interact with a magnetic field there must be a net magnetic moment, but
since spins generally occur in pairs the net magnetic moment is normally zero.
Hence, systems studied by EPR must have one or more unpaired spins.
3.2 Electron Paramagnetic Resonance 27
If an unpaired electron (or hole) was indistinguishable from a free electron
the only information that would be obtained from EPR would be the integrated
intensity, proportional to the concentration of the system containing the unpaired
spin. However, an unpaired spin interacts with its environment and the details of
the EPR spectra depend on these interactions [72].
The spin Hamiltonian of a paramagnetic atom in a constant magnetic field is
the sum of many terms, including the electronic energy, the spin-orbit and spin-
spin energies, the Zeeman energy, and the hyperfine structure term [73]. However,
not all of these terms are directly evaluated from an EPR spectrum. The terms
most relevant to EPR are the Zeeman energy:
βB.g.S
and the hyperfine interaction: ∑
i
SAiIi
where S is the spin quantum number, A is the coupling constant and I is the
nuclear magnetic moment.
The g value can give information about the electronic structure of a paramag-
netic centre. The electron (or hole) can gain or lose angular momentum through
spin-orbit coupling and this changes the g value from the free electron value. The
magnitude of the change gives information about the orbitals containing the un-
paired spin density.
Hyperfine interaction is the interaction of a magnetic moment of an electron
with the magnetic moment of nearby nuclei. The magnetic field associated with
the nuclear moment can add or subtract from the applied field experienced by
the electron spin system. Since the nuclei also have different allowed orientations
(2I + 1), some electrons in a bulk sample will be subject to an increased field
and some to a reduced field and the original resonance line is therefore split into
(2I + 1) components. The coupling constant varies with the nuclear species, and
is a measure of the strength of the interaction between the electronic and nuclear
spins.
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The experiment detects the net absorption of the sample, i.e. the difference
between the number of microwave photons absorbed and emitted. In turn, the
absorption and emission is proportional to the number of spins in the lower, Nl, and
upper, Nu, levels respectively. Therefore, the net absorption, Nnet, is proportional
to the difference:
Nnet ∝ Nl −Nu (3.2)
The Boltzmann distribution gives the ratio of the populations at equilibrium.
Nu
Nl
= e−gβB/kBT (3.3)
where kB is Boltzmann’s constant and T is temperature. Using the two approx-
imations that e−x ≈ 1 − x (true for ordinary temperatures and magnetic fields)
and Nu ≈ Nl ≈ N/2 the population difference is:
Nl −Nu = NgβB
2kBT
(3.4)
From this simple argument, the net absorption (and hence the signal intensity)
should increase with decreasing temperature and increasing magnetic field. Al-
though this is a good approximation, there are several factors which mean it does
not always apply.
Firstly, this argument should mean that spectrometers operating at higher
frequencies (and hence higher fields) should give increased sensitivity. However,
since for most spectrometers the waveguides and therefore the samples are gener-
ally smaller for the higher frequency measurements, increased sensitivity at higher
frequencies does not necessarily follow. Although the signal intensity does not nec-
essarily increase with increasing frequency (and field), there are still advantages to
using high field EPR [74]. One advantage is the ability to resolve changes in the g
value. If there are two signals with a difference in g value of ∆g they will be just
resolved if:
B
∆g
giso
> ∆B 1
2
(3.5)
where giso is the isotropic g value and B 1
2
is the resonance line half width, if the
line width does not increase with applied field. This is generally referred to as the
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high field condition [74]. This means that the resolution of the spectrometer is
proportional to the applied field.
Additionally, in order to model a systems’ spectrum using the spin Hamiltonian
it is advantageous to have measurements at several frequencies to see if the same
parameters can be used to fit the different sets of data, and to distinguish between
the Zeeman term (dependent on field) and hyperfine splitting (independent of the
external field).
Although from Equation 3.4 the signal intensity should increase with decreasing
temperature, this is not always the case. An intense radiation field will tend to
equalise the populations leading to a decrease in net absorption. This effect is
known as saturation, and is more likely to occur at low temperatures where the
energy transfer is slowest, resulting in the signal intensity sometimes dropping at
low temperatures.
EPR spectrometers are available commercially in several frequency ranges, as
shown in Table 3.1, in which the magnetic field is resonant for a g = 2 signal. The
most commonly used spectrometers operate at X-band.
Designation ν (GHz) B (T)
S 3.0 0.107
X 9.5 0.339
K 23 0.821
Q 35 1.25
W 95 3.39
Table 3.1: Commercially available EPR spectrometers
The majority of spectrometers are based on the diagram in Figure 3.2. The
frequency of the microwave radiation is kept constant while the magnetic field is
swept. The microwave source is attenuated through an iris before being admitted
to the cavity. The frequency of the source is tuned to the resonant frequency
of the cavity, thus maximising the detection of the resonant absorption in the
sample. The cavity sits inside an electromagnet which provides the magnetic field.
3.2 Electron Paramagnetic Resonance 30
Figure 3.2: Block diagram of EPR spectrometer. MS is the microwave source,
CS is the coupling structure, D is the detector, EB is the external
magnetic field, and SH is the sample holder. Adapted from [75].
Absorption of radiation occurs when the separation between two energy levels is
equal to the energy of the incident microwave photons, and this absorption is
seen as a change in the detector current. A more complete description of the
spectrometer is given in texts such as Poole [73].
3.2.1 Continuous wave (CW) EPR
In principle, the absorption of microwaves in the sample could be measured using
d.c. detection, producing an absorption spectra such as that in Figure 3.3. How-
ever, this method is too noisy so instead an oscillating magnetic field 1
2
Bm sinωmt
at angular frequency ωm is added to the d.c. field using Helmholtz coils (not shown
in Figure 3.2). The result of this is that the first derivative of the absorption spec-
trum is measured in CW EPR [73], as shown in Figure 3.4. A mathematical
description of the effect of an oscillating magnetic field, along with the lock-in
detection methods used to monitor the signal, are described elsewhere [73].
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Figure 3.3: Absorption of sample against magnetic field.
Figure 3.4: Field modulation converts the absorption curve to its first derivative.
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3.2.2 Pulsed Field-Swept EPR Measurements
An alternative method of measuring EPR spectra is by measuring the transient
signal created from microwave pulses. Pulse techniques can have increased sensi-
tivity and time resolution compared to CW EPR, as well as the ability to detect
correlations and isolate interactions that are not observable by CW EPR [76].
The increase in sensitivity available in pulsed measurements is due to the ability
to design experiments to specifically address a particular problem, and hence to
separate interactions from each other.
In this thesis the technique of echo detected EPR in field swept mode is used,
so it is the basis of this measurement which will be described below.
A Hahn echo results from the time evolution of a system of spins when per-
turbed by two successive pulses [77]. Initially, the magnetisation of the spin system
can be pictured as in the z-axis, parallel to the applied magnetic field. These spins
are precessing about the z-axis at the Larmor frequency. The first pulse is applied
along the y axis for a time tP . This pulse tips the spin vectors into the x − y
plane, hence it is known as a pi/2 pulse. During the pulse the spins, whilst still
precessing about the z-axis, will also gyrate with an additional component in the
x − y plane, and the magnetisation spirals down towards the x − y plane. This
is usually called nutation. If the length of the pulse is equal to the time needed
for the magnetisation to turn through 90◦ then the spins will be left in the x− y
plane where they will continue to precess about the z-axis. In the frame of the
laboratory, the trajectory of the magnetisation due to a pi/2 pulse is shown in the
left hand panel of Figure 3.5.
It is convenient to define a rotating frame of reference which rotates about the
z axis at the Larmor frequency. The rotating coordinate system is distinguished
from the laboratory frame by primes on the x and y axes: x′ and y′. The effect of
a pi/2 pulse as seen in the rotating frame is illustrated in the right hand panel of
Figure 3.5, and in Figure 3.6a.
Since the applied magnetic field will not have the same value at every point in
the sample, the frequencies of precession will also vary. Hence, the magnetisation
vectors will fan out in the x′−y′ plane with the faster spins travelling further than
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Figure 3.5: pi/2 pulse in the laboratory frame (left) and in a rotating frame (right).
The path of the tip of the spin vectors is shown in green.
the slower, as shown in Figure 3.6b. If a second pulse, with the same frequency
and amplitude, but double the length of the first pi/2 pulse is applied, the spins
once again nutate but in this case through 180◦. This is known as a pi pulse. The
spins are taken out of the x′ − y′ plane and then return to this plane with the
fanned out spins flipped over, as shown in Figure 3.6c. However, the faster spins
now lie behind the slower spins, and hence they meet after a time equal to the
interval between the pulses, τ . This produces the echo, as shown in Figure 3.6d.
The timing of the two pulses and the echo are shown in Figure 3.7.
The absorption signal (Figure 3.3) of the spin system is then measured directly
by integrating over the echo shape at each point in the field sweep [76].
3.2.3 Light induced electron paramagnetic resonance
For photovoltaic applications the influence of light from the region of the solar
spectrum is clearly an important aspect. To investigate the effect of light on the
sample the EPR spectrum is measured in the dark and under illumination and the
difference between the two spectra is studied. This technique is known as light
induced electron paramagnetic resonance (LEPR).
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Figure 3.6: (a) The effect of a pi/2 pulse, (b) the magnetisation vectors fan out,
(c) a pi pulse, (d) the echo.
Figure 3.7: Time line of a pulsed field swept echo detected EPR experiment.
3.2.4 LEPR on conjugated polymers
PPV and PPV derivatives have been extensively investigated for photovoltaic ap-
plications, and several of these materials have also been studied in depth using
LEPR. These materials include PPV, MEH-PPV, CN-PPV, and OC1C10-PPV
(also known as MDMO-PPV), which are shown in Figure 2.8. In this section, the
LEPR literature on these materials will be reviewed.
LEPR studies of conjugated polymers have consistently shown the presence
of a light induced signal with a g value in the range 2.002 to 2.003 [78, 79] and
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a linewidth typically between 0.45 mT and 0.67 mT [80]. This signal has been
attributed to polarons, which have a net magnetic moment and hence can be
studied using LEPR.
A typical CW EPR spectrum for CN-PPV is shown in Figure 3.8 [80]. The
LEPR signal appears after exposure to light, and is due to photoinduced charge
separation.
Figure 3.8: LESR signal of CN-PPV. The top figure shows the dark and light
signals and the bottom figure shows the light-induced signal [80].
After the light is turned off the signal decays on a time scale of minutes due to
charge recombination (although there is a persistent component that decays over
several hours, particularly at low temperatures). This, along with the temperature
dependence of the signal, is shown in Figure 3.9 [81]. No signal is detectable above
approximately 200K due to higher recombination rates, and the signal intensity
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decreases at low temperatures due to saturation caused by the longer spin-lattice
relaxation time [81].
Figure 3.9: Temperature dependence of CN-PPV LEPR spectrum [81].
Figure 3.10 [80] shows the CW LEPR spectra of cast films of PPV, CN-PPV,
and MEH-PPV. The CN-PPV spectrum is narrower and nearly symmetric com-
pared to the PPV and MEH-PPV spectra. As the samples are cast films the signal
contains contributions from all chain orientations so the chain orientation cannot
result in the observed assymetry. Instead, the assymetric line shape of PPV and
MEH-PPV can be explained in terms of the anisotropic properties of the g value,
and the linewidth can be explained by anisotropic hyperfine coupling of the pi
electrons [80].
In PPV, a combination of electron-nuclear double-resonance (ENDOR1) spec-
troscopy and theoretical calculations using a Pariser-Parr-Pople (PPP) Hamilto-
1ENDOR is a technique in which nuclear magnetic resonances are detected using the intesity
change of a simultaneously excited EPR line [76].
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Figure 3.10: LEPR signals of PPV, MEH-PPV, and CN-PPV under illumination
at 300 nm. The PPV curve was taken at 60 K and the bottom two
curves at 80 K [80].
nian have given an approximation for the spin density distribution of polarons
[82]. The half width of the distribution is approximately four phenyl rings, with
the maximum density residing on the carbons of vinyl sites [46]. This is supported
by the line width reduction in CN-PPV as half of the protons on the vinyl sites
are substituted by the CN group. Nearly equal line widths of the MEH-PPV and
PPV show that the alkoxy side chain substitution is not significant [80].
Figure 3.11 [80] shows the excitation spectrum of the LEPR signal, the optical
absorption spectrum, and the photocurrent action spectrum for MEH-PPV. As for
CN-PPV and PPV [79, 80] the LEPR intensity becomes large at high excitation
energies. The action spectrum has a threshold at approximately 3 eV, which is a
greater energy than the peak of the optical absorption spectrum. The difference
between these two values is interpreted by Kuroda et al. as the exciton binding
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energy [80]. Furthermore, the correlation between the LEPR action spectrum and
the photocurrent action spectrum provides evidence that the photoinduced spins
are charged species, or polarons [80].
Figure 3.11: Photon energy dependence of MEH-PPV signal. The solid line shows
the visible absorption spectrum, the dotted line is the photocurrent
action spectrum, and the filled circles gives the LEPR intensity [80].
In addition to work on pure polymers LEPR has also been performed on com-
posites with PCBM [18, 55, 83]. In these blends two photoinduced signals are
present, due to charge transfer between the conjugated polymer and PCBM. One
signal is due to the positive polaron on the polymer backbone, and the other is
from the radical anion on the PCBM. It is possible to separate these two sig-
nals using high frequency LEPR, as shown in Figure 3.12 [18] for a composite of
OC1C10-PPV with PCBM measured at 95GHz.
3.3 Electrically Detected Magnetic Resonance
The sensitivity limit of EPR is usually on the order of 1011 spins and this can limit
which systems may be characterised using EPR [84]. To overcome these sensitivity
limitations EPR can be combined with other techniques such as photoluminescence
(PL), and photoconductivity. When using such techniques it is not the microwave
3.3 Electrically Detected Magnetic Resonance 39
Figure 3.12: LEPR signal of OC1C10-PPV:PCBM showing the positive polaron
(P+) and the radical anion (PCBM−). The spectrum was measured
at 95GHz [18].
absorption that is detected, rather the PL or photoconductivity is probed under
microwave irradiation, whilst the magnetic field is swept through resonance. In
general the sensitivity of such techniques is higher [85].
When photoconductivity is detected the technique is known as electrically de-
tected magnetic resonance (EDMR) or sometimes as electrical detection of EPR
(EDEPR). EDMR combines conductivity measurements on a macroscopic scale
with the microscopic selectivity of EPR. This technique allows the study of de-
vices in situ, and provides information on how the microscopic properties relate to
the macroscopic conductivity.
EDMR was first used in 1966 to investigate spin dependent scattering of charge
carriers at impurities in a silicon sample [86]. Since then both inorganic [87] and
organic [20, 88] semiconductors have been studied using EDMR.
Like conventional EPR, EDMR can be performed both in continuous wave
(cwEDMR) and pulsed (pEDMR) mode. The former is essentially a CW EPR
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experiment where the photoconductivity is measured instead of the microwave
absorption. It is in this mode that the majority of experiments have been carried
out, including all the published work on organic semiconductors. Pulsed EDMR
experiments have only been demonstrated recently, and with this approach it is
possible to observe coherent spin motion effects such as spin-echo effects, spin-Rabi
oscillations, and coherence decay processes [89, 90]. These effects will be discussed
in more detail below. Coherent spin motion effects give insights into the electronic
transitions involved in devices, and thus produce information on charge transport
and recombination.
The principle challenge for pEDMR lies in detecting very small current changes
on top of a relatively large constant current, and doing this with high time reso-
lution. This challenge has been overcome by using an indirect detection scheme
whereby the change of the photocurrent after excitation is measured as a func-
tion of the length of the pulse [89, 90, 91]. This reveals the dynamics of the spin
systems in resonance during excitation.
To interpret the signals seen in EDMR measurements a suitable model of the
mechanisms involved in spin-dependent recombination is required. An interme-
diate pair model was developed in 1978 by Kaplan, Solomon, and Mott (KSM
model) [92] to do this. In this model charge carriers localise into intermediate
pairs, from which they can either recombine or dissociate. One of the central ideas
of this model is that of pair exclusivity: before the members of the pair can re-
combine with any other charge carrier which is not part of the existing pair, the
pair must dissociate and form new pairs. The nature of the pairs can differ greatly
depending on the material; for example pairs can be electron-hole pairs trapped
in impurity states, or excitons [84]. A microwave field alters the singlet to triplet
fractions in the states of the spin pair ensemble, and hence alters the recombination
of the pairs. This is observed as a change in photoconductivity. The development
of intermediate pair models based on the KSM model is described by Boehme [89],
and Boehme and Lips [93]. In these references the models are then combined
into a general model which takes into account spin-relaxation, singlet and triplet
recombination, and spin-spin interactions in charge carrier pairs. This model al-
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lows quantitative and qualitative interpretation of pEDMR measurements, with
observable phenomena including Rabi oscillations and current detected recombi-
nation echoes.
Many of the properties of this model are illustrated in Figure 3.13 [93]. This
figure depicts the changes with time of the spin ensemble and recombination during
a pEDMR experiment. The initial steady state of the photocurrent along with the
eigenstates of the spin-pair ensemble are shown in panel (a).
Figure 3.13: Time line of pEDMR experiment [93].
In panel (b) microwave radiation with a frequency close to the Larmor fre-
quencies of one or both spin-pair partners is switched on, and the spins begin to
precess about the net magnetic field (the externally applied magnetic field plus the
microwave field). This precession is known as Rabi oscillation, and the recombina-
tion rate reflects the beat oscillation of the two single precessions of the spin-pair
partners.
Panel (c) of Figure 3.13 shows the time window immediately following the end
of the microwave pulse. At the beginning of this time the Rabi oscillations cease,
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and the spin-pairs are no longer in energy eigenstates like they were before the
microwave pulse. Thus, the two members of the spin-pair precess about the con-
stant magnetic field at their respective Larmor frequencies. Due to the difference
in these frequencies a Larmor beat oscillation takes place, and this is reflected in
the recombination rate. These oscillations are attenuated by dephasing due to
distributions of the Larmor beat frequencies in the pair ensemble.
After the dephasing there is no coherent spin motion. This is reflected in the
recombination, and the evolution of the recombination rate is governed by inco-
herent processes. This is shown in panel (d) of Figure 3.13. The spin pairs not in
eigenstates gradually disappear due to recombination and dissociation, and new
spin pairs are generated in eigenstates. The relaxation of the recombination back
to the steady state (shown in panel (e)) is multiexponential, and the magnitudes of
the exponential functions are dependent on the spin state densities at the moment
when the pulse interaction stops. This property allows the transient behaviour
during the microwave pulse to be reconstructed from measurements of the pho-
tocurrent transient in the microsecond range. Full explanations of the stages shown
in Figure 3.13 are given by Boehme [89], and Boehme and Lips [93].
3.3.1 EDMR on conjugated polymers
The CW EDMR signals of MEH-PPV devices have been investigated by Silva et
al. [88]. The experiments were performed on MEH-PPV LEDs (light emitting
diodes) at 9.1 GHz, and a signal was only observed at forward bias, V > 10 V.
A typical signal is shown in Figure 3.14 [88]. The signal is assigned to the spin-
dependent fusion of two identically charged polarons into a spinless bipolaron [88].
Scharber et al. has investigated a range of organic solar cells using EDMR
[20, 94]. By illuminating the devices and measuring the change in the short circuit
current an EDMR signal was seen for devices with an active layer of OC1C10-PPV,
P3HT, or PEOPT [94]. In blends of OC1C10-PPV with PCBM a decrease in signal
was observed with increasing fullerene concentration, as shown in Figure 3.15.
The decrease in photocurrent seen at resonance was attributed to recombina-
tion of polaron pairs enhanced by microwaves [95]. It was concluded that upon
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Figure 3.14: EDMR signal for MEH-PPV LEDs. The light emission efficiency
decreases from (a) to (c) [88].
photoexcitation in the pure polymer, the generation of free carriers was influenced
by dissociation of polaron pairs. When small quantities of fullerene were added
to the polymer, photoexcitation produced pairs of polymer+-fullerene− radicals,
and these contributed to the photocurrent by dissociating into free charge carriers.
Finally, with high fullerene concentrations it was concluded that photoexcitation
mainly produces free charge carriers without pair formation occurring, and hence
the microwaves had no influence on the photocurrent [94].
The difference in lineshape between the signals in Figure 3.14 and 3.15 is due
to amplitude modulation rather than field modulation being used by Scharber et
al. [20].
To the best of the author’s knowledge, there are no reports of pEDMR on
organic semiconductors in the literature.
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Figure 3.15: EDMR signal for OC1C10-PPV:PCBM solar cells as a function of
PCBM concentration. The diodes were illuminated with an intensity
of 10 mW/cm2 at 476 nm [94].
4
Materials
Thus the yeoman work in any science, and especially physics, is
done by the experimentalist, who must keep the theoreticians
honest.
Michio Kaku
The materials used in organic optoelectronic devices can be roughly divided into
donors and acceptors. As discussed in Section 2.3, donor and acceptor materials
can be combined in a device structure to allow excitons to be separated and then
the charges to be transported through the active layer to the electrodes. Because
the electron travels through the acceptor material and the hole through the donor
material, the acceptor and donor can also be termed electron transport and hole
transport materials respectively.
Conjugated polymers often have much higher hole mobilities than electron
mobilities [10]. Therefore, the material with which a polymer is blended is partly
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chosen for its electron mobility. Such materials include fullerene derivatives (such
as PCBM) and nanocrystals, as discussed in Section 2.5. Conjugated dendrimers
may also form the hole transporting part of the active layer, and are blended with
an electron transporter to enable charge separation and transport to take place
[7].
In this thesis five main blend combinations are studied: polymer with fullerenes,
polymer with nanocrystals, dendrimer with fullerenes, oligomer with nanocrystals,
and dendrimer with nanocrystals. In order to understand the blends, work has also
been done on pure polymer and dendrimer systems.
In addition, several materials which are designed to separate the exciton in-
tramolecularly and ideally also transport both charge carriers have been exten-
sively investigated in this thesis. These materials have the advantages of simpler
processing and morphology than blends.
In this chapter all the materials covered in the results chapters of this thesis
are briefly outlined. Syntheses performed by others (such as some of the polymer:
nanocrystal materials) are described in this chapter, whilst syntheses developed
and performed by the author (such as the oligomer: nanocrystal work) are de-
scribed in the relevant results chapters.
4.1 Polymer: Fullerene
Blends of conjugated polymers with fullerene derivatives are extremely common
systems for organic solar cells [56]. This allows such blends to be used as a standard
material for testing new methods. In this thesis both MEH-PPV (Figure 4.1) and
a blend of MEH-PPV with PCBM (Figure 4.2) have been used as standards.
The full chemical names for MEH-PPV and PCBM are (poly(2-methoxy-5-(2’-
ethyl)-hexyloxy-p-phenylenevinylene)) and [6,6]-Phenyl C61 butyric acid methyl
ester respectively.
MEH-PPV and MEH-PPV: PCBM were dissolved in chlorobenzene. The con-
centration of MEH-PPV in the solution was 5 mg/mL and the blend ratio was 1:
4 by weight.
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Figure 4.1: Chemical structure for MEH-PPV.
Figure 4.2: Chemical structure for PCBM.
As discussed in Section 2.4.1 there are two solutions to the insolubility of poly-
mers such as PPV. MEH-PPV is an example of the first solution, using solubilising
side groups. The second method is to use soluble precursor polymers.
In this thesis, three precursor polymers were investigated for their suitability
for photovoltaic devices: a dimethoxy PPV precursor from the xanthate route
(SA2-47), and two MEH-PPV precursor polymers from the xanthate and chloro
routes (GRW12-94 and GRW12-92 respectively). SA2-47 was made by Samia
Amriou and GRW12-94 and GRW12-92 were synthesised by Graham Webster at
the University of Oxford. The precursor structures are shown in Figure 4.3. These
were investigated both as neat polymers and as blends with PCBM.
4.2 Polymer: Nanocrystals
Nanocrystals are attractive for photovoltaics because their bandgap can be tuned
across the solar spectrum [61], and because semiconductor nanocrystals can lead
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Figure 4.3: Structures of (a) SA2-47, (b) GRW12-94, and (c) GRW12-92.
to improved charge separation when blended with conjugated polymers [67]. In
this thesis nanocrystals are grown in a conjugated polymer matrix to form a donor-
acceptor system for bulk heterojunction devices.
Synthesis and characterisation of lead sulfide nanocrystals in a conjugated poly-
mer matrix was attempted with a variety of polymers. The nanocrystal synthesis
will be described in Chapter 7.
A xanthate precursor of dimethoxy PPV (Figure 4.4) was synthesised by Bim-
lesh Lochab at the University of Oxford and investigated for use in nanocrystal
synthesis. Two batches were provided, BL06-10 and BL06-11, which were synthe-
sised under different conditions.
Figure 4.4: Structure of BL06-10 and BL06-11.
Two batches of soluble MEH-PPV synthesised at the University of Oxford were
investigated. The batch names were SA3-57 and BL06-25, and had molecular
weights of 100 kD and 320 kD respectively. In addition, a low molecular weight
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MEH-PPV from American Dye Source (ADS), 120 kD MEH-PPV from Sigma-
Aldrich, and ∼87 kD P3HT (Figure 4.5) from Sigma-Aldrich were studied for use
in polymer: nanocrystal blends.
Figure 4.5: Chemical structure of P3HT.
The standard synthesis of PbS nanocrystals in polymer used polymer, lead
acetate, sulfur flakes, anhydrous toluene, and anhydrous dimethylsulfoxide. Vari-
ations on this synthesis are described in Chapter 7. All materials (other than the
polymers synthesised at the University of Oxford and the MEH-PPV from ADS)
were purchased from Sigma Aldrich and used without further purification.
Characterisation was also performed on nanocomposites synthesised by Alexan-
der Stavrinadis at the University of Oxford. The nanocrystalline component was
either lead sulfide or cadmium sulfide. The lead sulfide nanocrystals were grown in
MEH-PPV, and the cadmium sulfide nanocrystals were synthesised in MEH-PPV,
PMMA, or oleylamine.
To investigate the effects of conjugation on the characteristics of the nanocom-
posites, the clear unconjugated polymer poly (methyl methacrylate) (PMMA) was
used as a reference, whilst CdS nanocrystals grown in oleylamine were used as a
polymer free reference. The chemical structures of PMMA and oleylamine are
shown in Figure 4.6.
4.2.1 Synthesis of PbS nanocrystals
The PbS nanocrystals in MEH-PPV synthesised at the University of Oxford were
made using the following procedure: in a N2 glove box 0.1 g of lead acetate trihy-
drate and 0.01 g of MEH-PPV were dissolved in 8 mL of anhydrous dimethylsul-
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Figure 4.6: Chemical structures of (a) PMMA and (b) oleylamine.
foxide (DMSO) and 4 mL of anhydrous dichlorobenzene (DCB). In a second vial
0.1 g of sulfur flakes were dissolved in 5 mL of DCB. Both solutions were heated
at the same temperature, between 100 ◦C and 170 ◦C, for 1 hour on a magnetic
stirrer. 1 mL of the sulfur solution was then rapidly injected into the first solution.
The solution was then left to react for up to one hour, before being removed from
the hot plate and allowed to cool to room temperature.
A post synthesis treatment aimed at removing the DMSO, un-reacted precur-
sors, and low molecular weight polymer from the composite was then followed.
An excess of methanol was added to the nanocomposite and the solution was cen-
trifuged for 15 minutes. This left the composite at the bottom of the vial. The
supernatant was removed and the composite was re-dissolved in toluene. All chem-
icals were purchased from Sigma Aldrich and used with no further purification.
4.2.2 Synthesis of CdS nanocrystals
CdS nanocrystals in MEH-PPV were synthesised using a very similar method
to that for growing PbS. Firstly, 0.3 g of cadmium acetate (with 1-2 degrees of
hydration) and 0.01 g of MEH-PPV were dissolved in 8 mL DMSO and 4 mL
DCB. In a second vial 0.2 g of sulfur flakes were dissolved in 5 mL of DCB. Both
solutions were heated to 160 ◦C, then 1.5 mL of the sulfur solution was injected
into the first solution, and the solution was left to react for six hours.
CdS nanocrystals in PMMA followed the same method as for MEH-PPV except
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for the following differences: 0.1 g of cadmium acetate and 0.021 g of PMMA were
dissolved in the first vial and 0.5 mL of the sulfur solution was injected.
CdS nanocrystals in oleylamine were synthesised using the method for spherical
CdS nanocrystals reported by Joo et al. [96].
The nanocomposites were precipitated with methanol and centrifuged, before
being redissolved in toluene using the same method as for the PbS nanocrystals.
4.3 Charge Separating Polymers
Controlling the morphology of blends in a reproducible way can be a challenge.
An alternative approach is to use materials in which exciton dissociation occurs
on an intramolecular scale, and thus do not need to be blended. In this thesis
this has been investigated using an electronically asymmetric structure in which
separation of the exciton should occur due to the dipole across the molecule.
In this work PPV derivatives with alkoxy (electron donating) and nitro (elec-
tron withdrawing) groups in a para arrangement were used to create the dipole.
The nitro group was attached to a fluorene moiety, which acts as a spacer between
the alkoxy and nitro groups. In two of the four derivatives studied an additional
fluorene unit was added to make a longer side chain. Identical materials except for
the nitro group were used as controls. These materials were synthesised by Bimlesh
Lochab at the University of Oxford, and their structures are given in Figure 4.7.
The chemical names for the four materials are as follows: NDPFEH-PPV is
poly[2-(7-nitro-9,9-dipropylfluorenyl)-5-(2n-ethylhexyloxy)-1,4-phenylenevinylene],
NDPF2EH-PPV is poly(2-[7-(7-nitro-9,9-dipropylfluorenyl)-9,9-dipropylfluorenyl]-
5-(2n-ethylhexyloxy)-1,4-phenylenevinylene), DPFEH-PPV is poly[2-(9,9-diprop-
ylfluorenyl)-5-(2n-ethylhexyloxy)-1,4-phenylenevinylene], and DPF2EH-PPV is poly-
(2-[7-(9,9-dipropylfluorenyl)-9,9-dipropylfluorenyl]-5-(2n-ethylhexyloxy)-1,4-phenyl-
enevinylene).
The materials were dissolved in chlorobenzene. NDPFEH-PPV, NDPF2EH-
PPV, and DPF2EH-PPV were dissolved at a concentration of 5 mg/mL whilst
DPFEH-PPV was used at a concentration of 3 mg/mL (a 5 mg/mL solution was
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Figure 4.7: Chemical structures for the charge separating materials studied (a)
NDPFEH-PPV, (b) DPFEH-PPV, (c) NDPF2EH-PPV, (d) DPF2EH-
PPV.
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too viscous). For some studies, the materials were blended with PCBM. In these
cases the blend ratio was 1: 4 (polymer: PCBM) by weight.
4.4 Dendrimer: Fullerene
Dendrimers allow great scope for molecular engineering as the various compo-
nents of the conjugated dendrimer are responsible for different properties of the
dendrimer. For example, the core determines the absorption of light, the surface
groups determine the solubility, and the dendrons play a role in charge transport
and molecular spacing [49, 50]. In this thesis dendrimers with either iridium, cya-
nine dye, or fluorene cores are investigated. Each set of materials had different
absorption characteristics. In some cases the dendrimers were blended with PCBM
with the aim of producing blends suitable for bulk heterojunction solar cells.
Firstly, an iridium cored dendrimer made by Sarah Staton at the University of
Oxford was investigated. The chemical structure is given in Figure 4.8. The den-
drimer consists of a fac-tris(2-phenylpyridine)-iridium core, phenylene dendrons,
and 2-ethylhexyloxy surface groups. Iridium cored dendrimers have been investi-
gated extensively for use in organic light emitting diodes [97].
A series of dendrimers based on cyanine dye cores synthesised by Peter Deakin
at the University of Oxford were studied. There were three families of materials,
each with a particular length of core conjugation. These core lengths determine
the absorption spectrum of the material. The material with the shortest core
conjugation length has an absorption peak at ∼580 nm, the middle conjugation
length has an absorption peak at ∼680 nm, and the longest core conjugation length
corresponds to an absorption peak at ∼785 nm.
In each of these three families a core material, along with a core material with
bromine atoms attached (an intermediate stage in the production of the dendrimer)
and a dendrimer were studied. In the family with the shortest conjugation length
there were two additional materials: a dendrimer with PF−6 instead of I
− as the
counter-ion, and a dendrimer with electron transporting groups in the dendrons.
For the purposes of this thesis, the materials will be referred to with a prefix
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Figure 4.8: Chemical structure for the iridium cored dendrimer.
of S, M, or L (for short, medium, and long respectively) and a suffix of core,
coreBr, dendrimer, dendrimerPF6, or dendrimerET (for the core material, the core
material with bromine atoms attached, the dendrimer, the dendrimer with PF−6
counterion, and the dendrimer with electron transporting groups respectively).
The chemical structures of the materials are shown in Figures 4.9 - 4.11.
In addition, a set of dendrimers based on fluorene cores were studied. These
are shown in Figure 4.12 and had absorption peaks around 420 nm. In this set
there are two dendrimers; one of which contains electron transporting groups in
the dendrons. These will be referred to as F-dendrimer and F-dendrimerET where
F refers to fluorene and ET to electron transport.
By combining materials from each of these four families there is potential to
have an active layer with broadband absorption more closely matched to the solar
spectrum shown in Figure 2.2. Furthermore, combining the materials with fullerene
derivatives leads to the possibility of having efficient charge separation and charge
transport along with improved absorption characteristics in a device.
Dendrimer materials have much lower molecular weights than polymers and
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Figure 4.9: Chemical structures for the cyanine dye cored dendrimer family with
the shortest core conjugation length (a) S-core, (b) S-coreBr, (c) S-
dendrimer, (d) S-dendrimerPF6, (e) S-dendrimerET.
4.4 Dendrimer: Fullerene 56
Figure 4.10: Chemical structures for the cyanine dye cored dendrimer family with
the middle core conjugation length (a) M-core, (b) M-coreBr, (c) M-
dendrimer.
Figure 4.11: Chemical structures for the cyanine dye cored dendrimer family with
the longest core conjugation length (a) L-core, (b) L-coreBr, (c) L-
dendrimer.
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Figure 4.12: Chemical structures for the fluorene cored dendrimer family (a) F-
dendrimer, (b) F-dendrimerET.
therefore to spin a film with comparable thickness to a polymer film, substantially
higher concentrations must be used. In general, concentrations of 30 mg/mL were
used, with the solvent being chloroform. The time taken for the material to dissolve
was extremely short (∼30 s). To produce thin films from the dendrimer solutions
(other than for the iridium cored material) the material was filtered with a 0.12
µm filter and directly spun coat onto quartz or a device substrate. Without the
filtering step the films were extremely non-uniform. In the cases where a blend
with PCBM was used, the ratio used was 1: 2 dendrimer: PCBM by weight unless
otherwise stated.
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4.5 Oligomer: Nanocrystals
Thus far blends of polymer: fullerene, polymer: nanocrystal, and dendrimer:
fullerene have been introduced. To complete the set of possible blends a mix of den-
drimer with nanocrystals is required. However, the small quantities of dendrimer
available (∼100 mg) made it difficult to develop a synthesis using dendrimers. For
this reason, a soluble oligomer, ADS038FO, was used to determine if a synthesis
based on low molecular weight materials could be developed.
The chemical name of the oligomer ADS038FO is 9,9,9’,9’,9”,9”-hexakis(octyl)-
2,7’,2’,7”-trifluorene, and its structure is shown in Figure 4.13.
Figure 4.13: Chemical structure for the fluorene oligomer.
The materials used in the PbS nanocrystal synthesis were ADS038FO, lead
acetate trihydrate, sulfur flakes, and anhydrous toluene, dimethylsulfoxide, and
chlorobenzene. In the CdS nanocrystal synthesis cadmium acetate rather than
lead acetate was used. ADS038FO was purchased from American Dye Source,
and the remaining chemicals were purchased from Sigma Aldrich. All chemicals
were used without further purification. The nanocrystal synthesis is described in
Chapter 10.
4.6 Dendrimer: Nanocrystals
Once syntheses of nanocrystals in oligomer had been developed, a synthesis of
PbS nanocrystals in a dendrimer was investigated. The dendrimer used was S-
dendrimer, shown in Figure 4.9.
The materials used in the synthesis were S-dendrimer, lead acetate trihydrate,
sulfur flakes, anhydrous toluene, and anhydrous dimethylsulfoxide. Apart from the
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dendrimer all materials were purchased from Sigma Aldrich. All chemicals were
used without further purification. The synthesis is described in Chapter 10.
5
Methods
The scientific method itself would not have led anywhere, it
would not even have been born without a passionate striving for
clear understanding.
Albert Einstein
The measurements described in this thesis were performed by the author at
one of four universities: the University of St Andrews, the University of Dundee,
the University of Queensland, and the University of Oxford. Several results from
collaborators are included for completeness: transmission electron microscopy by
Alexandros Stavrinadis and Andrew Watt at the University of Oxford, pulsed elec-
trically detected magnetic resonance by Jan Behrends at Hahn Meitner Institute
Berlin, and absorption and cyclic voltammetry measurements by Peter Deakin
at the University of Oxford. The methods associated with these results are also
included in this chapter. In some cases the same experimental techniques were
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utilised at different universities, for example UV-Visible spectroscopy and device
fabrication and testing, and so for this reason some experimental techniques have
several sets of methods associated with them. The results chapters will specify
at which university the measurements were performed, and hence which set of
methods apply.
5.1 UV-Visible spectroscopy
University of St Andrews
Absorption measurements were performed on a Cary Varian 300 UV-Vis absorption
spectrometer. Photoluminescence measurements were carried out using a Jobin
Yvon Fluoromax 2 Spectrometer.
University of Queensland
Absorption measurements were performed using a Perkin Elmer - Lambda 40 spec-
trometer. A Spex Fluoromax 3 spectrofluorometer was used for photoluminescence
measurements.
University of Oxford
Absorption measurements were run by the author using a Jasco V-570 UV/VIS/NIR
Spectrophotometer.
Absorption measurements by Peter Deakin were recorded on a Perkin Elmer
UV Lambda 15 spectrometer.
5.2 Photoluminescence Quantum Yield
All photoluminescence quantum yield (PLQY) measurements were performed at
the University of St Andrews.
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5.2.1 Experiment
Measurement of the photoluminescence quantum yield is performed using an in-
tegrating sphere. This is a hollow sphere with the inside coated with a highly
diffusive and reflective material, and is used to collect all the light from a sample.
Samples are held at the centre of the sphere with a sprung metal clip, and an
entrance at the front of the sphere allows light from a laser source (typically a
Kimmon HeCd CW laser at 442 nm or 325 nm or a GaN CW laser at 407 nm) to
be admitted as excitation source. The experimental setup is shown in Figure 5.1
[17]. The luminescence is measured with a calibrated silicon photodiode using a
Keithley voltage meter.
Figure 5.1: Experimental arrangement for integrating sphere measurements [17].
The sphere is purged by flowing nitrogen through it, and measurements are
performed with a laser power of around 0.2 mW. Measurements are made of the
laser power, the photodiode voltage without filters, and the background voltage
reading. Next, a filter is inserted between the photodiode and the sphere to block
the laser line to the photodiode. The sample is then inserted into the sphere with
conditions of near-normal incidence with the laser beam. The photodiode voltage
and transmitted laser intensity are then measured. The sample is then withdrawn
from the beam (while still being in the sphere) and the photodiode voltage is
measured. This procedure is repeated at several spots on the film.
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The reflectance of the sample is also measured. This is performed outside the
integrating sphere by measuring the direct laser power without the film, and the
power reflected from the film at near-normal incidence.
5.2.2 Analysis
The PLQY is defined as the number of photons emitted in photoluminescence per
absorbed photon. This figure is relevant to photovoltaics as a low PLQY generally
indicates charge separation of the excitons. However, a low PLQY can also be
due to non-radiative recombination. The PLQY analysis follows the method in
Greenham et al. [17].
5.3 Device Fabrication and Testing
This section details the methods used to fabricate photovoltaic devices for standard
device testing. For devices fabricated for electrically detected magnetic resonance
experiments a different sample geometry was required, however the same basic fab-
rication steps were used. The sample geometry for electrically detected magnetic
resonance experiments will be described in Section 5.6.
Device fabrication can be broken down into several steps: substrate prepara-
tion, spin coating, and evaporation of the top contact. Each of these steps will be
described.
Devices were fabricated at the University of St Andrews, and the University of
Queensland.
5.3.1 University of St Andrews
Substrate Preparation
Silica float glass sputtered with ITO was purchased from Merck, and cut into 12
mm × 12 mm pieces. A strip of electrical tape 4mm wide was used to cover
the centre of the glass square and zinc powder was spread over the substrate.
Concentrated hydrochloric acid (37%) was then dropped onto the zinc powder.
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This etched the uncovered ITO, leaving a 4 mm strip of ITO along the centre of
the substrate. The substrates were then rinsed in deionised water to remove excess
HCl.
To prevent shorts occuring in the device, and to allow maximum contact be-
tween the layers, the ITO must be as clean as possible. The substrates were
ultrasonicated in deionised water, twice in acetone and then in isopropanol for
twelve minutes each, and were dried with a nitrogen line between each washing
and after washing in isopropanol. Finally, the substrates were placed in an oxygen
plasma asher at ∼10−2 mbar for five minutes.
Spin Coating
Before spin coating the active layer, a layer of PEDOT:PSS was spin coated onto
the substrate. PEDOT: PSS is an aqueous dispersion of conducting polymer poly-
(3,4-ethylenedioxythiophene) (PEDOT) with poly(styrene sulfonate) (PSS), the
structures of which are shown in Figure 5.2. This material planarised the otherwise
rough ITO, raised the work function of the ITO by ∼0.1 eV, and blocked electron
acceptance [98, 99]. The PEDOT:PSS was purchased from Sigma Aldrich as a
dispersion in water. To minimise aggregates the material was filtered with a 0.5
µm filter. Spin coating was then performed at 2000 rpm for 50 seconds. PEDOT
thickness was ∼60 nm. The substrates were left to dry for approximately half an
hour before the active material was deposited.
The active layer was then spun onto the PEDOT layer. This was usually
performed in a nitrogen glove box. The exact spin speed and time employed
depended on the material, but was generally 2000 rpm for 50 seconds. The films
were then placed immediately into the evaporator to ensure minimal degradation.
Contact Evaporation
The substrates were placed in the evaporator and four metal layers were created
on the substrate using a metal mask. This produced four devices, each with
dimensions of 4 mm × 1.4 mm. Typically 10 nm of calcium was deposited at a
rate of 0.1 - 0.2 nm/s and 80 nm of aluminium at a rate of 0.3 - 0.4 nm/s at a
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Figure 5.2: Structures of PEDOT and PSS. PEDOT is shown above PSS.
pressure of approximately 10−6 mbar. Once made, devices were stored in nitrogen
until testing.
Device Testing
Devices were placed in a holder with spring loaded contacts which ensured a good
contact and minimised damage to the aluminium cathode. The holder was placed
in a chamber which was then evacuated to ∼10−5 mbar. The current-voltage
characteristics of the cells were measured using a Kiethley 2400 Source Meter by
sweeping the voltage across the cell (typically between -2 V to 2 V) and measuring
the current generated. This was performed in the dark and under illumination us-
ing an AM1.5 source from KHS with an output of ∼1000 W/m2. All measurements
were controlled using Labview.
5.3.2 University of Queensland
Substrate Preparation
Substrate preparation followed the method used at the University of St Andrews,
except that the ITO coated glass was purchased from Delta Technologies. The
substrates had an area of 25 mm× 25 mm, and were subsequently cut into quarters.
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Spin Coating
The PEDOT:PSS was purchased from Sigma Aldrich as a dispersion in water. To
minimise aggregates in the material, it was filtered with a 0.22 µm hydrophilic
filter. Spin coating was performed in air, with a spin speed of 2000 rpm for 40
seconds. The coated substrates were transferred to the nitrogen dry box, where
they were heated on a hot plate at 120 ◦C for 1 hour to remove any water and
oxygen from the layer. Spin coating of the active layer onto the prepared substrates
was performed in the glove box, once again spinning at 2000 rpm for 40 seconds.
Contact Evaporation
The substrate was placed in the evaporator and three metal layers were created
on the substrate using a metal mask. This produced three devices, each with
dimensions of 4 mm by 2 mm. Under a vacuum of 4 × 10−5 mbar, metal was
evaporated from a tungsten coil basket containing 95% Al, 5% Mg. A 25 A current
was used, and approximately 150± 50 nm was deposited.
Device Testing
The current-voltage characteristics of the cells were tested using a Kiethley 2400
Source Meter by sweeping the voltage across the cell from −3 V to 3 V and measur-
ing the current generated. This was performed in the dark and under illumination
from an AM1.5 source with an intensity of 100 mW/cm2. The illumination source
was an Oriel Xenon lamp with AM1.5 direct filters. All measurements were con-
trolled using Labview.
5.4 Precursor Conversion
University of St Andrews
Precursor polymers were converted to their conjugated form by thermal conversion
under vacuum for nine hours. The xanthate materials were converted at 230 ◦C
and the chloro precursor at 130 ◦C.
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University of Queensland
Precursor polymers from the xanthate route were converted using a furnace run-
ning at 235 ◦C for nine hours under vacuum.
5.5 Electron Paramagnetic Resonance
CW Electron Paramagnetic Resonance (EPR) data was collected at the University
of Dundee, and pulsed experiments were run at the University of St Andrews.
Measurements were made at 20 K in the dark and using a 407 nm, 4 mW GaN
laser as the light source unless otherwise stated. The light induced signal is the
difference between the dark and illuminated signals. Background measurements
were taken on empty tubes or on solvent, and these were subtracted from the raw
data. Between sets of measurements the sample was warmed to room tempera-
ture before being returned to 20 K, thus returning the sample to its state before
excitation [78]. Simulations were run using EasySpin [100].
5.5.1 CW Measurements
EPR measurements were performed with a Bruker EMX spectrometer operating
at 9.5 GHz using a super-high-Q cavity and an Oxford ESR900 helium cryostat.
The microwave frequency was measured using an EIP frequency meter.
5.5.2 Pulsed Measurements
Field swept, echo-detected, pulsed EPR measurements were performed with a
Bruker ELEXSYS E580 spectrometer at 10 and 34 GHz using dielectric ring res-
onators (ER4118X-MD4-EN and EN5107, respectively).
5.6 Electrically Detected Magnetic Resonance
Electrically Detected Magnetic Resonance (EDMR) experiments were performed
at the University of St Andrews by the author, and at Hahn Meitner Insitute
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Berlin by Jan Behrends. All devices were designed and fabricated by the author,
and this design as well as the experimental setup at the University of St Andrews is
described in Section 6.3. The experimental method used at Hahn Meitner Institute
is described here.
5.6.1 Contacting
The device was glued to a 2 mm × 20 mm piece of copper coated circuit board
with a 2 mm × 10 mm area filed away. This filed area was used for attaching the
device. Two wires of a 4 conductor shielded cable were used to connect to the
circuit board, with one wire being soldered to each side. Several of the shielding
wires were removed, and used to contact the ITO and aluminium electrodes to
opposite sides of the copper coated circuit board using silver paste. The contacted
device was placed inside an open ended X-band EPR tube, and heat shrink tubing
was used to seal the tube. The wires were fed out of the cavity and sealed at the
entrance to the spectrometer, again using heat shrink tubing.
5.6.2 Current - Voltage characteristics
IV curves of the devices were measured inside the cryostat, both in the dark and
under illumination. The light source was a Schott KL 2500 LCD microscope lamp,
with a halogen photo optic bulb. The intensity at the sample was 20±5 mW/cm2.
This light source was also employed as the illumination source during the EDMR
measurements.
5.6.3 Pulsed Electrically Detected Magnetic Resonance
The spectrometer used was a Bruker Elexsys E580 pulse EPR spectrometer oper-
ating at X band with a Bruker dielectric ring resonator ER 4118X-MD5. A sketch
of the pEDMR experiment at HMI is shown in Figure 5.3 [84], and a schematic of
the current detection scheme is shown in Figure 5.4 [84].
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Figure 5.3: Sketch of the pEDMR experiment [84].
Figure 5.4: Sketch of the current detection scheme used in the pEDMR experi-
ment [84].
The sample current is induced by a Keithley PCS2201. Alternatively, the
sample was held at constant voltage using a Stanford Research SIM928 isolated
voltage source running from a battery. The signal to noise was improved for
CW measurements by using the constant voltage source. No difference in signal
to noise was observed between the two sources when pulsed measurements were
performed. A Stanford Research SR570 high speed current amplifier provided the
offset compensation, amplification, and high-pass components shown in Figure 5.4.
An 8 Bit Bruker Spec-Jet digitiser and transient recorder, already built into the
1A transient current induced by a constant current source can be measured as long as the
dwell time of the current is much longer than the time scale on which the transient current is
recorded. Using a constant current source allows the sample offset current to be kept constant
regardless of slow photoconductivity changes.
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pulsed EPR spectrometer, was used for the sampling and real time averaging of
the transients.
5.6.4 CW Electrically Detected Magnetic Resonance
As for the pEDMR experiments described in the previous section, a Bruker Elexsys
E580 EPR spectrometer was used for cwEDMR. The experimental setup is identi-
cal to that for pEDMR, except that the output of the current amplifier was fed to
the external signal channel of the spectrometer controls. A modulation frequency
of 10 kHz was used.
5.7 Atomic Force Microscopy
Atomic Force Microscopy (AFM) images were taken at the University of St An-
drews with a Scanning Probe Microscope from Burleigh Instruments using contact
mode and collecting data in topographic form.
5.8 Transmission Electron Microscopy
Transmission Electron Microscopy (TEM) measurements were performed on blends
of nanocrystals with either polymer, oligomer, or dendrimer. These measurements
were performed by Andrew Watt and Alexandros Stavrinadis at the University
of Oxford. A JEOL 4000EX high resolution TEM operating at 400kV was used
for the majority of samples, and at 100kV for samples in P3HT. Simulations were
performed by Alexandros Stavrinadis using CaRIne Crystallography 3.1.
5.9 Cyclic Voltammetry
Cyclic voltammetry was performed by Peter Deakin at the University of Oxford us-
ing an EG&G Princeton Applied Research Potentiostat 263A. Solutions in acetoni-
trile, tetrahydrofuran or dichloromethane were used, with measurements run under
an argon atmosphere using tetrabutylammonium tetrafluoroborate electrolyte.
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Polymer: Fullerenes
One thing that they don’t tell you about doing experimental
physics is that sometimes you must work under adverse
conditions... like a state of sheer terror.
W.K. Hartmann
In this chapter precursor polymers blended with PCBM are investigated for
their suitability for photovoltaic devices. Precursor polymers have not previously
been extensively investigated in photovoltaic devices. Precursor materials have the
potential for stronger absorption than soluble polymers because precursor poly-
mers do not contain non-conjugated solubilising groups. These solubilising groups
occupy a substantial volume and hence reduce the absorption coefficient.
In addition, this chapter uses MEH-PPV and MEH-PPV: PCBM as test sys-
tems for standard experiments to check that literature results can be replicated,
as well as to develop new experimental techniques.
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All the measurements in this chapter were performed at the University of St
Andrews, except for the CW X-band LEPR experiments, run at the University
of Dundee, and the EDMR measurements performed by Jan Behrends at Hahn
Meitner Institute, Berlin.
Results from precursor polymers are presented first, followed by the results
of studies of MEH-PPV and MEH-PPV: PCBM using UV-visible spectroscopy,
device fabrication and testing, and LEPR. Finally, results obtained using both CW
and pulsed EDMR on MEH-PPV and MEH-PPV: PCBM devices are presented.
6.1 Precursor Polymers
Three precursor materials were investigated for photovoltaic applications: a di-
methoxy PPV precursor from the xanthate route (SA2-47), and two MEH-PPV
precursor polymers from the xanthate and chloro routes (GRW12-94 and GRW12-
92 respectively). The structures of these materials are shown in Figure 6.1, and
were introduced in Section 4.1.
Figure 6.1: Structures of (a) SA2-47, (b) GRW12-94, and (c) GRW12-92.
6.1.1 Xanthate dimethoxy precursor SA2-47
The absorption and photoluminescence spectra of converted films of SA2-47 with
and without PCBM are shown in Figure 6.2. In the absorption spectrum of the
converted polymer the broad feature in the range 400 to 550 nm is due to delo-
calised pi− pi∗ transitions, whilst the short wavelength region at around 210 nm is
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due to localised pi − pi∗ transitions. The addition of PCBM leads to a broadband
increase in absorption, and peaks at approximately 280 nm and 330 nm. The high
background levels observed in the absorption spectrum of the blend indicate that
significant scattering is occurring.
Figure 6.2: Absorption and photoluminescence spectra of converted films of SA2-
47 with and without the addition of PCBM. The excitation wavelength
for PL measurements was 442 nm.
From the photoluminescence spectra in Figure 6.2 it appears that the addition
of PCBM quenches the photoluminescence. The photoluminescence quantum yield
(PLQY) of the neat polymer is 7± 2% and of the 1: 4 blend is less than 1%, with
an excitation wavelength of 442 nm. This decrease in PLQY upon blending with
PCBM indicates that charge separation is improved in the blend, and thus it is
expected that devices fabricated using SA2-47: PCBM should have greater power
conversion efficiencies than those made from neat polymer.
Figure 6.3 shows the current voltage curves for SA2-47 devices, and Table 6.1
summarises the characteristics of these devices. Unfortunately, instead of the in-
crease in efficiency typically seen when comparing a bulk heterojunction with a
single layer cell, the efficiency of the device decreases with the addition of PCBM.
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Furthermore, the device characteristics are not rectifying but instead are symmet-
rical. This indicates that the device is not working well.
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Figure 6.3: Current voltage curves of SA2-47 devices with and without the addition
of PCBM.
Material Voc (V) Jsc (mA/cm
2) FF η (%)
SA2-47 1.16 0.01 0.23 2.8× 10−3
SA2-47: PCBM 1: 4 0.62 6.8× 10−3 0.19 8.0× 10−4
Table 6.1: SA2-47 Device Characteristics
The morphology of the films was investigated, and AFM images of films of
converted polymer and polymer: PCBM are shown in Figures 6.4 and 6.5. Sq is
the root mean square surface roughness, whilst Sa is the variance of the surface
roughness. The blend film has an extremely rough surface compared to that of
the neat polymer, and it is highly likely that this is related to the poor device
performance. In addition, the roughness of the blend film explains the scattering
seen in the UV-visible absorption results of Figure 6.2.
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Figure 6.4: AFM image of converted SA2-47 film.
Figure 6.5: AFM image of converted SA2-47: PCBM film made with 1: 4 weight
ratio.
To determine if this behaviour was unique to the dimethoxy-PPV material,
devices were made using the xanthate precursor of MEH-PPV.
6.1.2 Xanthate MEH-PPV precursor GRW12-94
The characteristics of devices made using the material GRW12-94 are shown in
Figure 6.6 and summarised in Table 6.2. As with SA2-47, the blend shows a
decrease in power conversion efficiency. The AFM images of the surfaces, presented
in Figures 6.7, 6.8, and 6.9, show the surfaces of these films are highly non-uniform
and this non-uniformity increases with increasing weight ratio of PCBM.
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Figure 6.6: Current voltage curves of GRW12-94 devices with and without the
addition of PCBM.
Material Voc (V) Jsc (mA/cm
2) FF η (%)
GRW12-94 1.06 0.020 0.20 4.3× 10−3
GRW12-94: PCBM 1: 4 0.54 1.1× 10−3 0.19 1.1× 10−4
Table 6.2: GRW12-94 Device Characteristics
6.1.3 Chloro MEH-PPV precursor GRW12-92
Since both SA2-47 and GRW12-94 were prepared using the xanthate route, experi-
ments were also performed on a chloro precursor, GRW12-92, to determine whether
the precursor route was linked to the poor device performance. Figure 6.10 shows
that the spectroscopic properties are very similar to those of SA2-47. In addition,
the PLQY of the neat polymer is 12.5 ± 0.8% and of the 1: 4 blend is less than
1%, again indicating fluorescence quenching. The excitation wavelength for PLQY
measurements was 442 nm.
The device characteristics are shown in Figure 6.11 and summarised in Ta-
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Figure 6.7: AFM image of converted GRW12-94 film.
Figure 6.8: AFM image of converted GRW12-94: PCBM film with 1: 2 weight
ratio.
Figure 6.9: AFM image of converted GRW12-94: PCBM film with 1: 4 weight
ratio.
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Figure 6.10: Absorption and photoluminescence spectra of converted films of
GRW12-92 with and without PCBM. The excitation wavelength for
photoluminescence measurements was 442 nm.
ble 6.3. As a decrease in efficiency is again seen in the blend, it is clearly not the
particular precursor route which is leading to lowered efficiencies with blends.
Material Voc (V) Jsc (mA/cm
2) FF η (%)
GRW12-92 0.69 1.4× 10−3 0.24 2.9× 10−3
GRW12-92: PCBM 1:4 0.99 2.7× 10−4 0.15 5.1× 10−4
Table 6.3: GRW12-92 Device Characteristics
For the chloro MEH-PPV precursor AFM images were taken of films both be-
fore and after conversion to determine whether the surface roughness was caused
by incomplete mixing of the solution or was a result of the conversion process.
Figures 6.12 - 6.14 show AFM images of GRW12-92 films before conversion, while
Figures 6.15, 6.16, and 6.17 show the same films after conversion. From these
figures it can be seen that although there are some inhomogeneities in the films
before conversion, the roughness increases substantially upon converting the poly-
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Figure 6.11: Current voltage curves of GRW12-92 devices with and without the
addition of PCBM.
mer. This increase in phase separation upon heating may be due to high diffusion
mobility of PCBM molecules at raised temperatures [101], such as the tempera-
tures experienced during the conversion process.
6.1.4 Discussion
Despite increases in absorption and decreases in PLQY with the addition of PCBM
to precursor polymers, the devices have lower efficiencies than those from neat poly-
mers. This indicates that although absorption and charge separation are occurring,
the morphology of the blend does not optimise charge transport.
The AFM images suggest phase separation may be occuring between the poly-
mer and PCBM, as lumps appear in the films. However, the phase separation
cannot be complete as if this were the case there would not be significant quench-
ing of the photoluminescence. Some degree of phase separation of polymer and
PCBM is necessary for increases in power conversion efficiency to be seen, however
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Figure 6.12: AFM image of GRW12-92 film before conversion. The lines on the
right hand side are an artefact of measurement.
Figure 6.13: AFM image of GRW12-92: PCBM film (with 1: 2 weight ratio) before
conversion.
Figure 6.14: AFM image of GRW12-92: PCBM film (with 1: 4 weight ratio) before
conversion.
6.1 Precursor Polymers 81
Figure 6.15: AFM image of converted GRW12-92 film.
Figure 6.16: AFM image of converted GRW12-92: PCBM film with 1: 2 weight
ratio.
Figure 6.17: AFM image of converted GRW12-92: PCBM film with 1: 4 weight
ratio.
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this is generally observed on the scale of nanometres [102] rather than on the scale
of microns as seen in these blends.
The peak/valley heights in many of the images are much greater than the
expected thickness of the films (80 - 100 nm) suggesting that the film may be
lifting off the substrate. It should be noted that the AFM has difficulties measuring
large sudden changes in height, so it is also likely that some of these values are
inaccurate. However, that does not affect the overall trends seen in these images.
One possibility for the decreased efficiency is poor contacts between the film and
the evaporated metal due to surface roughness, and possibly between the ITO
and active material if the film is flaking. Both of these situations would lead to a
decreased efficiency.
Overall, it appears that any potential benefits of precursor polymers, such as
increased absorption relative to soluble polymers, are more than offset by the phase
separation occurring in bulk heterojunction devices.
6.2 MEH-PPV and MEH-PPV: PCBM
6.2.1 UV-visible spectroscopy
Figure 6.18 shows the absorption and photoluminescence signals obtained from
MEH-PPV and MEH-PPV: PCBM. The PCBM adds a broadband contribution
to the MEH-PPV absorption, and results in a quenching of the photoluminescence.
This quenching of the photoluminescence seen in Figure 6.18 is supported by the
PLQY results; MEH-PPV films had a PLQY of 14±1% whilst MEH-PPV: PCBM
films gave a PLQY of less than 0.5% when excited with a wavelength of 442 nm.
This agrees well with literature results of PLQY values of between 10% and 15%
for MEH-PPV [17], and with reports of luminescence quenching of MEH-PPV by
PCBM [103].
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Figure 6.18: Absorption and photoluminescence signals of MEH-PPV and MEH-
PPV: PCBM. The excitation wavelength for the photoluminescence
measurements was 442 nm.
6.2.2 Photovoltaic Devices
Devices were fabricated using blends of MEH-PPV and PCBM in a 1: 4 weight
ratio. These devices had the structure ITO/ PEDOT: PSS/ MEH-PPV: PCBM/
Al, and had efficiencies of 1.2%, and the device properties are summarised in
Table 6.4. The performance of this structure is greater than recorded by Chang
et al. [104], who recorded an open circuit voltage of 0.47 V and an efficiency of
0.86% [104].
The efficiency could probably be further increased by the presence of an inter-
face layer such as LiF [104], or by post processing steps such as annealing [6].
Voc (V) Jsc (mA/cm
2) FF η (%)
0.68 2.5 0.38 1.2
Table 6.4: Device characteristics of a MEH-PPV: PCBM solar cell.
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Figure 6.19: Current voltage characteristics of an MEH-PPV: PCBM device.
The performance of the MEH-PPV: PCBM devices indicate that the fabrication
and testing of devices are not the source of the low efficiencies in the precursor
polymer devices in Section 6.1.
6.2.3 Light Induced Electron Paramagnetic Resonance
MEH-PPV
Light induced electron paramagnetic resonance measurements were performed on
MEH-PPV to ensure that literature results could be replicated [80, 81].
The X-band CW light induced EPR signal is shown in Figure 6.20, and the
pulsed spectra at X-band and Q-band are shown in Figure 6.21. The spectra show
one line, which does not vary significantly with changing frequency, and no dark
signal was seen. The temperature dependence of the MEH-PPV signal is shown
in Figure 6.22. The characteristics of a single line, and decreasing signal intensity
with the temperature increasing from 20 K to 110 K were also reported by Kuroda
et al. [80, 81].
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Figure 6.20: CW light induced EPR signal of MEH-PPV.
Figure 6.21: Pulsed light induced EPR signal of MEH-PPV.
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Figure 6.22: Temperature dependence of CW light induced EPR signal of MEH-
PPV.
MEH-PPV: PCBM
A blend of MEH-PPV to PCBM in the ratio 1: 4 was investigated. This ratio
was chosen as it is used to fabricate solar cells. The dark, illuminated, and light
induced spectra are shown in Figure 6.23. These spectra are averages of twenty
scans.
Figure 6.24 shows the behaviour of the signals at 338.4 mT and 338.9 mT
with time. Both signals rise to their maximum almost immediately after they are
illuminated and decay away after the light has been removed. On the time scale
studied, both signals show a persistent component after the light has ceased. Due
to the smaller size of the low field peak and the incomplete separation of the two
peaks with field, the uncertainties of the peak-to-peak height for the low field peak
are quite significant.
Figure 6.25 presents the power dependence of the two signals. The low field
peak height does not vary significantly with microwave power, whilst the high field
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Figure 6.23: Dark, illuminated, and light induced spectra for MEH-PPV: PCBM.
Figure 6.24: Time dependence of the two signals generated in a blend of MEH-PPV
and PCBM.
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peak grows with power before beginning to saturate at around 0.5 mW.
Figure 6.25: Power dependence of the illuminated signal in a blend of MEH-PPV
and PCBM.
By comparing the g values of the peaks in these spectra with previous spectra of
MEH-PPV and also with spectra of other polymer blends with PCBM (presented
in Chapter 8), the low field peak can be attributed to MEH-PPV and the high
field peak to PCBM. The time dependence of the signals and the differences in
power dependence between the two lines reproduce many of the trends seen in
other polymer: PCBM blends [105].
MEH-PPV: PCBM was also investigated using pulsed EPR at Q-band, and
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the dark, illuminated, and light induced spectra are shown in Figure 6.26. At
Q-band the lines due to MEH-PPV and PCBM were able to be separated, how-
ever to resolve the g anisotropy in these materials W-band measurements may be
necessary [106]. The low field line is due to a positive polaron on MEH-PPV, and
the high field line is due to a radical anion on the PCBM.
Figure 6.26: Dark, illuminated, and light induced spectra of MEH-PPV: PCBM
taken at Q-band.
The signal in the blend was much stronger than that from pure MEH-PPV,
indicating that charge separation is occurring. This supports the quenching of the
photoluminescence discussed in Section 6.2.1.
6.3 Electrically Detected Magnetic Resonance
Electrically detected magnetic resonance (EDMR) is an extremely interesting tech-
nique whereby conductivity measurements on a macroscopic level are combined
with EPR techniques which examine the microscopic properties of a material. In
the past EDMR has been limited to CW measurements and it is only recently
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that pulsed techniques (pEDMR) have been developed [90]. Using pEDMR it is
possible to observe coherent spin propagation, which allows the measurement of
properties such as coherence times [84].
In order to perform pEDMR measurements a device must be placed inside
a microwave resonator where the magnetic fields are generated. The conducting
contacts on the device need to be very carefully designed so that they do not
alter the eigenmodes of the microwave cavity and hence cause the magnetic field
to become inhomogeneous. If this occurs then observation of Rabi oscillations is
impossible [107]. These constraints were taken into account when designing device
structures for organic solar cells for pEDMR measurements.
Previous cwEDMR studies of organic semiconductor devices have used con-
ventional device designs [88, 94] with contacting occurring very close to the active
area of the device. This design is unsuitable for pEDMR experiments because the
contacts would cause the magnetic field to be inhomogeneous.
The substrate dimensions chosen were 50 mm by ∼2.8 mm. The width was
chosen so that the device would fit inside an X-band EPR tube with inner diameter
of 3 mm. The length of the device was chosen so that the top of the device, where
contacting occurred, was outside the resonator.
The device structure used was glass/ ITO/ PEDOT/ MEH-PPV or MEH-PPV:
PCBM/ Al. This structure and its constituent layers are shown in Figure 6.27. The
materials used are identical to those used in cwEDMR measurements by Schar-
ber et al. [108] except for the choice of PPV derivative. However, unlike in the
structures of Scharber et al. the contacts have thicknesses below the microwave
penetration depth, and hence the eigenmodes of the cavity are not distorted. Fur-
thermore, the use of thin strips of ITO and aluminium running up the sides of
the glass substrate allows contacting well outside the resonance cavity whilst the
active area of the device remains at the centre of the cavity.
The steps used in the device fabrication were based on those described in
Section 5.3.1 for standard organic solar cells, but were adapted to the particular
substrate size and device design. These steps will be briefly outlined below.
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Figure 6.27: The fabrication steps for a device for EDMR. All dimensions are in
millimetres. The top panel shows the ITO coated area of the glass,
the second panel shows the area on which PEDOT and MEH-PPV
are deposited, the third panel shows the area on which aluminium is
evaporated, and the bottom panel shows the contacting of the com-
pleted device. The cross hatched area shows the active area of the
device.
6.3.1 Substrate Preparation
ITO coated glass with thickness 0.4 mm was purchased from Merck and cut into
50 mm × ∼2.8 mm strips. The ITO was then etched into the pattern shown in
Figure 6.3 by masking the ITO area to remain with electrical tape, sprinkling the
exposed glass with zinc powder, and dropping hydrochloric acid (37%) onto the
zinc powder. The substrates were then washed with deionised water to remove
excess acid. Substrates were ultrasonicated in detergent dissolved in deionised
water, followed by deionised water, then acetone, and finally isopropanol. Each
step in the ultrasonic bath lasted 9 minutes. The substrates were dried with
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nitrogen before being plasma ashed in oxygen for 5 minutes at 100 W.
6.3.2 Spin Coating and Evaporation
To enable spin coating of the substrates each substrate was fixed to a 25 mm × 25
mm piece of microscope slide. The PEDOT layer was formed by spinning at 1000
rpm for 40 seconds. The substrates were then transferred inside a nitrogen dry
box for spin coating the MEH-PPV or MEH-PPV: PCBM layer. The MEH-PPV
was dissolved in chlorobenzene at 8 mg/mL and the weight ratio of MEH-PPV
to PCBM was 1: 4. This layer was spin coated at 700 rpm for 40 seconds. Both
layers were only deposited on one end of the substrate as shown in Figure 6.27.
The substrates were then removed from the microscope slides and placed in the
evaporator. 100 nm of aluminium was evaporated from either a boat or a tungsten
coil at a pressure of ∼2 ×10−6 mbar. This completed the device fabrication.
6.3.3 Contacting
A schematic of the contacting used is shown in Figure 6.28. To form mechanically
and electrically stable contacts to the device, the device was first glued to a piece
of copper coated circuit board and contacted to this board using silver paste and
gold wires. The dimensions of the circuit board were 20 mm × 1.5 mm. The
copper section of the circuit board was filed away from 10 mm × 1.5 mm of one
side of the board, creating a slight groove where the device was fixed with rubber
cement and contacted with gold wires. The ITO rail was contacted to one side
of the board, and the aluminium rail to the other. The circuit board was then
soldered to a twisted pair of copper wires around 1.5 m in length. The device was
placed inside an X-band tube which was screwed onto an X-band rod. The wires
ran up the inside of this rod, out through a teflon end piece, and into a dye cast
box where they were soldered to the inners of two BNC connectors. Seals were
made at the top of the X-band tube, and the top of the teflon end piece.
The device and its contacts remain mechanically stable and have good electrical
quality down to 77 K, and it is expected from this result and from the materials
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Figure 6.28: Contacting of EDMR device.
used that they remain intact at lower temperatures (e.g. 10 K). Devices can also
be encapsulated by using epoxy to fix a 2 mm × 7 mm piece of microscope cover
slip over the active area. However, encapsulated devices cannot be tested at low
temperature as the device delaminates.
6.3.4 Experimental Setup
The experimental setup was almost identical to that described in the pEDMR
and cwEDMR setups of Section 5.6. A Bruker E580 spectrometer operating at X
band with a ER4118X-MD4-EN dielectic ring resonator was used, and the light
source was a 407 nm, 4 mW GaN laser. A Keithley 2400 source measurement unit
was used as the current source, a Stanford Research SR570 high speed current
amplifier was used for offset compensation, amplification, and high-pass filtering,
and a Bruker Spec-Jet digitiser and transient recorder was used for sampling and
averaging.
In addition to the measurements performed at the University of St Andrews,
several devices were sent to Jan Behrends at Hahn Meiner Institute (HMI) for
measurements. The setup at HMI is described in Section 5.6.
In this section cwEDMR measurements on MEH-PPV cells, and cwEDMR and
pEDMR measurements on MEH-PPV: PCBM solar cells are presented. These
measurements were all performed at HMI except for a set of cwEDMR measure-
ments on MEH-PPV: PCBM devices performed at the University of St Andrews.
All measurements were performed at room temperature.
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There is significant variation in the signal amplitude between devices, and a
strong cwEDMR signal was found to be necessary for a pEDMR signal to be seen.
None of the devices tested at the University of St Andrews produced a strong
enough cwEDMR signal to exhibit a pEDMR signal. However, devices fabricated
using the design developed in this thesis (described above) have since shown a
pEDMR signal at the University of St Andrews as well as at HMI.
6.3.5 MEH-PPV
Figure 6.29 shows the cwEDMR signal of a MEH-PPV solar cell in the dark. The
current voltage curve of the same device in the dark is shown in Figure 6.30. As
expected for a pure MEH-PPV device, the current is very small.
Figure 6.29: cwEDMR signal from a MEH-PPV solar cell in the dark. The applied
voltage was 3.000 V (corresponding to a current of 2.6 µA).
The EDMR signal appears anisotropic but it is difficult to draw any conclusions
from this as the signal to noise ratio is so poor. The g value is approximately 2.003.
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Figure 6.30: Current voltage characteristics in the dark of the MEH-PPV device.
EDMR studies of MEH-PPV LEDs by Silva et al. found the signal to be
composed of a superposition of two lines; a Lorenztian and a Gaussian, both with
g values of 2.002. However, a signal in these devices was only observed for voltages
greater than 10 V, and the relative intensities of each line were highly dependent
on the particular device studied and its light emitting efficiency [88]. Scharber
studied the EDMR signal of another PPV derivative, OC1C10-PPV, and found
a Lorentzian line shape with a g value of 2.0028 at short circuit currents [94].
Further studies are necessary to determine the shape of the EDMR signal in the
MEH-PPV solar cells studied in this thesis, and to interpret the source of this
signal.
6.3.6 MEH-PPV: PCBM
cwEDMR
Figure 6.31 shows the cwEDMR signal on a MEH-PPV: PCBM solar cell at room
temperature in the dark, measured at the University of St Andrews. The current-
voltage characteristics of the device in the dark are shown in Figure 6.32.
6.3 Electrically Detected Magnetic Resonance 96
Figure 6.31: cwEDMR signal from a MEH-PPV: PCBM solar cell in the dark.
The applied current was 10µA, and the signal is an average of nine
scans.
The same device was measured at a range of applied currents, and the resulting
signals are shown in Figure 6.33. The higher currents gave similar signals, whilst
the low current resulted in a much reduced signal intensity. The poor signal to
noise ratio observed for the signal obtained at a device current of 20 µA is due to
the use of a lower gain.
Negative device currents, such as those obtained under short circuit conditions,
gave no EDMR signal, even under illumination. This may explain the lack of an
EDMR signal from OC1C10-PPV: PCBM solar cells with 75% PCBM reported
by Scharber et al. [20], as these measurements were also performed at short cir-
cuit current. The change of the EDMR signal with applied current means that
the mechanism producing the signal is current (and voltage) dependent, and this
should be taken into account in any models.
Illuminating the device had no significant effect on the EDMR signal, and so
all measurements presented here were performed in the dark.
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Figure 6.32: Current voltage characteristics in the dark of the MEH-PPV: PCBM
device tested at the University of St Andrews.
Figure 6.33: cwEDMR signal from a MEH-PPV: PCBM solar cell in the dark, at
a range of applied currents. Each signal is the average of nine scans.
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Figure 6.34 shows the current voltage characteristics of the MEH-PPV: PCBM
solar cell tested using cwEDMR and pEDMR at HMI. The illumination intensity
in Figure 6.34 was 20± 5 mW/cm2, and the device characteristics are summarised
in Table 6.5. This device has a lower efficiency than those measured in St Andrews
(see Section 6.2.2) which is likely to be due to it being tested several days after
fabrication.
Figure 6.34: Current voltage characteristics of MEH-PPV: PCBM solar cell tested
at HMI.
Voc (V) Jsc (mA/cm
2) FF η (%)
0.74 2.8 0.34 0.4
Table 6.5: Device characteristics of MEH-PPV: PCBM solar cell tested at HMI.
Figure 6.35 shows the cwEDMR signal of this MEH-PPV: PCBM solar cell at
room temperature in the dark. The g value of the signal is 2.0028 ± 0.0003 and
the full width half maximum is 0.93 mT.
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Figure 6.35: cwEDMR signal from a MEH-PPV: PCBM solar cell in the dark.
The applied voltage was 0.950 V (corresponding to a current of 32.1
µA), and the spectrum is an average of 3 scans.
pEDMR
Figure 6.36 shows the magnetic field dependence of the current response to a
short microwave pulse for a MEH-PPV: PCBM device. This measurement was
performed on the device for which the cwEDMR signal is shown in Figure 6.35.
The signal in Figure 6.36 is an average of nine scans and the measurement was
performed in the dark at room temperature. Potentially, such transients can reveal
whether the signal is due to transport or excess charge carrier recombination [84].
Figure 6.37 shows a Rabi sweep of the same MEH-PPV: PCBM device. In this
measurement the integral of the transient, Q, is measured as a function of the pulse
length, τ , and the magnetic field, B0, around the resonance at g = 2.0028±0.0003.
Using this technique it is possible to determine the evolution of the spin states
during the pulse [84].
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Figure 6.36: pEDMR spectrum from a MEH-PPV: PCBM solar cell in the dark.
The applied voltage was 0.950 V (corresponding to a current of 15.9
µA), and the signal was averaged over 9 scans.
Figure 6.37: Rabi sweep from a MEH-PPV: PCBM solar cell in the dark. The
applied voltage was 0.950 V (corresponding to a current of 15.9 µA
at the beginning of the experiment and 3.3 µA by completion), and
the signal was averaged over 52 scans.
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Taking an FFT of the top panel in Figure 6.37 gives the lower panel. The
Rabi frequency is denoted by Ω. It appears that there are two frequency compo-
nents evident in Figure 6.37, possibly indicating two different coupling regimes.
Figure 6.38 shows a cross section of the Rabi sweep shown in Figure 6.37 at res-
onance, allowing the two frequency components to be seen clearly, particularly
in the first cycle. Given these two frequencies, it is possible that the line shown
in Figure 6.36 can be decomposed into two lines according to different spin-spin
couplings. However, this set of measurements needs to be repeated in order to
confirm this result.
Figure 6.38: Cross section of Rabi sweep.
To the best of the author’s knowledge, these measurements are the first pEDMR
results from organic semiconductors. All measurements presented here were taken
at room temperature on working devices. Potentially, this allows the technique to
be extremely useful for probing how the microscopic properties of the device affect
the conductivity. The increased sensitivity of this technique over conventional
EPR is seen in the ability to take measurements at room temperature, while for
LEPR the signal is undetectable above 200 K [80].
The next step in pEDMR measurements on organic solar cells is to determine
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the origin of the signal. The g value is 2.0028±0.0003, which suggests the signal is
associated with the positive polaron. As shown in the cwEDMR measurements the
signal is also dependent on the applied current. There is some evidence that the
strongest signals are obtained from devices which have begun to degrade. Fresh
devices typically gave weak signals, such as that in Figure 6.31, whilst devices up to
a few days old were more likely to give strong signals, such as that in Figure 6.35.
For example, devices sent to HMI (and hence not tested immediately) gave the
greatest signal intensities. Once the device had degraded significantly (determined
from current voltage curves; and observations of bleaching of the active layer, and
diffuse top contacts) no EDMR signal was seen.
Device lifetime is one of the biggest problems remaining for organic solar
cells [6]. Although encapsulation increases lifetimes this technique generally re-
quires the use of glass substrates. This increases the cost of fabrication, and
means that one of the main advantages of organic solar cells, their flexibility, is
lost [109]. Hence, investigation of device degradation is a very important area, and
EDMR may be able to contribute to this field.
Future experiments will hopefully be able to link the current-voltage charac-
teristics of the device with the EDMR signal. By studying both encapsulated and
non-encapsulated devices it may be possible to extract information on the degra-
dation of these devices. Varying the device structure, for example by removing
the PEDOT layer and varying the concentration of PCBM, may also be of use
in determining the nature of the signal. Overall, information on the microscopic
processes occurring that affect the conductivity should be obtained.
6.4 Summary
Three precursor polymers in blends with PCBM were investigated for their suit-
ability for photovoltaic devices. In each case adding PCBM to the polymer resulted
in a decrease in device efficiency. It was established that this decrease was associ-
ated with changes in morphology occurring when the polymer was converted to its
conjugated form, and that these changes were likely to be due to phase separation.
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Devices fabricated using MEH-PPV: PCBM showed much better performance,
with efficiencies of 1.2%. UV-visible spectroscopy and LEPR measurements on
MEH-PPV and MEH-PPV: PCBM showed excellent agreement with literature,
and LEPR experiments on MEH-PPV: PCBM were extended to Q-band pulsed
measurements.
Device designs for EDMR measurements on organic solar cells were produced.
These designs took into account the many constraints on the devices, and in par-
ticular on the contacts, that were necessary for Rabi oscillations to be observed.
Devices based on MEH-PPV and MEH-PPV: PCBM were produced and were
tested using cwEDMR (MEH-PPV and MEH-PPV: PCBM) and pEDMR (MEH-
PPV: PCBM). To the best of the author’s knowledge, this is the first report of
pEDMR being achieved in organic solar cells. Pulsed measurements included both
magnetic field sweeps, and observation of Rabi oscillations.
7
Polymer: Nanocrystals
“What’re quantum mechanics?”
“I don’t know. People who repair quantums, I suppose.”
Terry Pratchett
The first nanocrystal: conducting polymer solar cell was reported by Green-
ham et al. in 1996 [67]. Since then, devices with up to 2.4% efficiency under
AM1.5 conditions have been demonstrated [65]. In the majority of these devices,
semiconductor nanocrystals have been synthesised separately to the conducting
polymer and subsequently mixed [64, 110].
Whilst this approach allows close control over the nanocrystal morphology there
are several disadvantages associated with this method. Firstly, the surfactant used
to prepare the nanocrystals must be removed. Generally, some of the surfactant
is incorporated into the final device, where it inhibits charge transfer between the
nanocrystal and polymer. Secondly, co-solvents are required for the composite.
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This adversely affects the solubility of both components.
A novel nanocrystal synthesis developed by Watt et al. eliminates these prob-
lems using a one-pot synthesis in which the conducting polymer is used to inhibit
the growth of the nanocrystals [69]. Lead sulfide (PbS) was chosen as the nanocrys-
tal material, and MEH-PPV as the conducting polymer.
Lead sulfide nanocrystals have tunable broad band absorption [111, 112], elec-
trons and holes are equally confined [113], and excited states are long lived [112].
The probability of charge separation may be increased relative to C60 as the elec-
tron affinity (χ) of bulk PbS (χ = 3.3 eV) is greater than in C60 (χ = 2.6 eV). These
properties indicate that PbS is a material with great potential for photovoltaics.
In this thesis the one-pot synthesis has been extended to a variety of polymers.
Both precursor and soluble polymers have been employed, and different molecular
weights were investigated. Characterisation of a range of nanocomposites synthe-
sised by Alexandros Stavrinadis is also reported in this chapter. This work explores
the nature of electronic interactions in the nanocomposites, primarily through light
induced electron paramagnetic resonance.
The work in Sections 7.2 and 7.3 was performed at the University of Queens-
land, except for the TEM work which was performed at the University of Oxford
by Andrew Watt. The work in Section 7.4 was undertaken at the University of
St Andrews except for CW LEPR measurements which were performed at the
University of Dundee, and TEM measurements which were run at the University
of Oxford by Alexandros Stavrinadis.
7.1 One-Pot Synthesis
The general method for a one-pot synthesis of MEH-PPV: PbS is described in [69]
and will be outlined here.
The reaction is performed in a nitrogen dry-box. Two precursor solutions are
prepared as follows: 0.1 g of sulfur flakes is dissolved in 5 mL of toluene to form
a sulfur precursor solution, and 0.01 g of MEH-PPV and 0.1 g of lead acetate are
dissolved together in 9 mL of toluene and 3 mL of DMSO. Next, 1 mL of the sulfur:
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toluene complex is injected into the second vial, with the solutions at 100 ◦C. The
reaction takes approximately fifteen minutes, and during this time aliquots are
removed from the reaction and quenched in toluene. These aliquots can be used
for studies of various points during the experiment. The final solution is a dark
brown colour. Anhydrous methanol is added to the solution to cause precipitation,
and the solution is centrifuged and the supernatant removed. This process aims
to remove excess lead and sulfur ions, DMSO, and low molecular weight polymer.
The precipitate is then redissolved in chlorobenzene.
7.2 Precursors
A xanthate precursor of dimethoxy PPV, shown in Figure 7.1, was synthe-
sised by Bimlesh Lochab at The University of Oxford. Two batches (BL06-10 and
BL06-11) were provided which were synthesised under different conditions. The
absorption curves of these polymers before and after conversion are shown in Fig-
ure 7.2. The broad absorption feature at around 470 nm in the converted polymers
is due to delocalised pi - pi∗ transitions. This feature is not present in the precursor
polymers as the material is not conjugated.
Figure 7.1: Structure of BL06-10 and BL06-11
Photoluminescence measurements were performed on films before and after the
conversion procedure. Before the conversion process the spectra were featureless.
The photoluminescence spectra of the films after the conversion process are shown
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Figure 7.2: Absorbance of precursor polymers.
in Figure 7.3, with excitation at 470nm.
Despite many attempts at growing PbS nanocrystals within the precursor poly-
mer matrix (using variations of the method described in Section 7.1 where the
precursor polymer was substituted for MEH-PPV), there was no success. Vari-
ables altered included the ratios of the materials and solvents, temperature, type
of solvent, types of nanocrystal precursors, and time of reaction.
It appeared that the polymer was too unstable to allow nanocrystal growth,
as changes in colour and solubility of the nanocrystal precursor mixture occurred
even before the sulphur: toluene complex was added. The solution turned black
and large insoluble flakes formed. Increased temperature and addition of sulphur:
toluene drove this reaction faster. One possibility is that the lead precursor (both
lead acetate and lead nitrate were tried) was pushing displacement of the xanthate
group on the polymer, leaving an insoluble polymer which then formed a precip-
itate. In addition, disulphide bridges may form between polymer chains leading
to a highly cross-linked material, giving insoluble flakes. Using a chloro precursor
may be more successful, however no material was available.
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Figure 7.3: Photoluminescence of precursor polymers after conversion process.
The excitation wavelength was 470 nm.
7.3 Soluble Polymers
7.3.1 Materials
Two batches of soluble MEH-PPV synthesised at the University of Oxford were
investigated. The batch names were SA3-57 and BL06-25, and had molecular
weights of 100 kD and 320 kD respectively.
In addition, a low molecular weight MEH-PPV from American Dye Source
(ADS), a 120 kD MEH-PPV from Sigma-Aldrich, and ∼87 kD P3HT from Sigma-
Aldrich were also studied. Lead sulfide nanocrystals were grown in all of these
materials. The MEH-PPV from Sigma-Aldrich was used to ensure that the syn-
thesis proceeded as previously reported [69].
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7.3.2 Spectroscopy
For each of these materials aliquots were taken before and immediately after the
sulphur precursor was added, and at regular intervals throughout the reaction.
Absorption spectroscopy was then performed on the aliquots. Figure 7.4 shows
the change in the absorption curve as the reaction proceeds. The formation of
nanocrystals is observed by the colour change of the solution.
Figure 7.4: Absorption spectra from reaction to form PbS nanocrystals in ADS
MEH-PPV.
Adding the sulphur leads to an increased absorbance at lower wavelengths,
and a high wavelength tail grows as the reaction proceeds. The same trend as
in Figure 7.4 is seen in the other materials. In Figures 7.5 - 7.7 the absorbances
of the solutions before addition of sulphur and after the reactions are halted are
shown for growths in SA3-57, BL06-25, and P3HT.
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Figure 7.5: Absorption spectra from reaction to form PbS nanocrystals in SA3-57.
Figure 7.6: Absorption spectra from reaction to form PbS nanocrystals in BL06-25.
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Figure 7.7: Absorption spectra from reaction to form PbS nanocrystals in P3HT.
7.3.3 Transmission Electron Microscopy
TEM measurements on these composites were performed by Andrew Watt at the
University of Oxford. Figures 7.8 - 7.12 show nanocrystals in two MEH-PPV
batches (ADS and SA3-57) and in P3HT. The crystallinity of the nanocrystals is
evident from the lattice planes seen in Figures 7.9 and 7.11.
The nanocrystals grown in MEH-PPV from ADS, shown in Figure 7.8 and 7.9,
have a bimodal distribution with the smaller nanocrystals ranging in size from
4 to 8 nm, and the larger nanocrystals between 12 and 18 nm. This bimodal
distribution for MEH-PPV: PbS has been reported in the literature [114]. The
MEH-PPV from ADS was unpurified and contained a range of molecular weights,
and it is likely that this affected the size distribution of the nanocrystals.
The PbS nanocrystals grown in SA3-57 had sizes of 7± 2 nm. As the different
MEH-PPV materials (ADS and SA3-57) resulted in different size distributions, it
is clear that the molecular weight of the polymer affects the nanocrystal growth.
The nanocrystals grown in P3HT were much smaller than those grown in MEH-
PPV, with sizes between 2 and 4 nm. This agrees well with literature reports of
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Figure 7.8: TEM image of a field of PbS nanocrystals in MEH-PPV from ADS.
Figure 7.9: TEM image of PbS nanocrystals in MEH-PPV from ADS.
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Figure 7.10: TEM image of a field of PbS nanocrystals in SA3-57.
Figure 7.11: TEM image of PbS nanocrystals in SA3-57.
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Figure 7.12: TEM image of a field of PbS nanocrystals in P3HT.
small (2-3 nm) PbS nanocrystals in P3HT [115].
7.3.4 Devices
Devices were fabricated and tested as described in Chapter 5. Devices were con-
structed with each set of materials. In this section data from one of the MEH-
PPV materials (BL06-25) and from P3HT will be presented. This is the first time
that P3HT: PbS nanocrystal devices have been made using the one-pot synthesis
method. It should be noted that these devices were not optimised in any way.
Figures 7.13 and 7.14 show the current voltage characteristics of these two sets
of devices. Table 7.1 summarises the electrical properties of these devices. In both
materials the addition of nanocrystals gave a small increase in efficiency. This
increase should be substantially greater upon optimising the devices, however the
realisation of functioning devices is an excellent first step.
7.3 Soluble Polymers 115
Figure 7.13: I-V curves for devices constructed from pure BL06-25 and BL06-25:
PbS blends.
Figure 7.14: I-V curves for devices constructed from pure P3HT and P3HT: PbS
blends.
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Material Jsc Voc FF η
(µA/cm2) (V) (%)
BL06-25 8.6 0.82 0.16 0.0014
BL06-25: PbS 8.6 0.70 0.20 0.0015
P3HT 6.4 0.54 0.21 0.00092
P3HT: PbS 10.2 0.68 0.19 0.0017
Table 7.1: Electrical properties of devices.
7.4 Characterisation of nanocomposites
This section details the characterisation of materials synthesised by Alexandros
Stavrinadis at the University of Oxford. This synthesis is described in Section 4.2.
Photoluminescence, photoluminescence quantum yield, and light induced electron
paramagnetic resonance studies were performed to examine the charge separation
properties of the composites.
7.4.1 Transmission Electron Microscopy
TEM measurements were performed by Alexandros Stavrinadis. Figure 7.15 shows
PbS nanocrystals in MEH-PPV before precipitation, with average size 4.0±0.5 nm.
After precipitation large cubic colloidal particles with average size 200 nm were
formed, as shown in Figure 7.16, in which the cubes appear to be hexagonal because
they are being viewed from their corner (111) projection. Dispersed nanocrystals
still exist in the composite, as shown in Figure 7.17, and the colloidal particles
do not change the band structure of the composite as determined from absorption
measurements [116].
CdS nanocrystals in MEH-PPV before precipitation are shown in Figure 7.18,
and have diameters 4.8±0.5 nm. After precipitation, the nanocrystals are not well
dispersed, however individual nanocrystals are still visible as seen in Figure 7.19.
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Figure 7.15: TEM image of PbS nanocrystals before precipitation.
Figure 7.16: TEM image of cubic colloidal particles after precipitation of MEH-
PPV: PbS. The scalebar is 100 nm.
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Figure 7.17: TEM image of dispersed nanocrystals after precipitation of MEH-
PPV: PbS. The scalebar is 20 nm.
Figure 7.18: TEM image of CdS nanocrystals in MEH-PPV before precipitation.
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Figure 7.19: TEM image of CdS nanocrystals in MEH-PPV after precipitation.
7.4.2 Photoluminescence
Figure 7.20 shows the photoluminescence of films of MEH-PPV, MEH-PPV: CdS,
and MEH-PPV: PbS. From this figure it appears the photoluminescence is quenched
by the addition of nanocrystals. This is confirmed by the PLQY. The PLQY of
MEH-PPV alone was 14 ± 1%, whilst adding nanocrystals (either CdS or PbS)
resulted in the PLQY falling to less than 1%.
7.4.3 Light induced electron paramagnetic resonance
CW EPR measurements were performed on MEH-PPV, MEH-PPV: CdS, and
MEH-PPV: PbS. Figures 7.21 and 7.22 show the dark, illuminated, and light in-
duced spectra of MEH-PPV: CdS and MEH-PPV: PbS. In both of these materials
a dark signal is present, and there appears to be a broad peak as well as a narrow
peak. This broad peak is seen in both the illuminated and light induced spectra
of MEH-PPV: CdS, and in the dark and illuminated spectra of MEH-PPV: PbS.
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Figure 7.20: Photoluminescence of films of MEH-PPV, MEH-PPV: PbS, and
MEH-PPV: CdS excited at 442 nm.
However, a comparison of the light induced spectra of MEH-PPV, MEH-PPV:
CdS, and MEH-PPV: PbS, as shown in Figure 7.23 shows little difference between
the normalised signals.
Figures 7.24, 7.25, and 7.26 show the microwave power dependence of the light
induced spectra of MEH-PPV: CdS, MEH-PPV: PbS, and MEH-PPV respectively.
From these figures it is apparent that the blends show a greater variation with
microwave power than MEH-PPV alone. This indicates that there are centres in
the nanocrystals giving a spectrum with a similar g value to that observed from
the MEH-PPV, or that the presence of the nanocrystals alters the spin-lattice
relaxation rate of the MEH-PPV polaron signal. It can be concluded that charge
separation between the MEH-PPV and the nanocrystals is contributing to the
light induced EPR signal in the composite.
Wide field sweeps of the MEH-PPV: CdS nanocomposite were undertaken at
both X-band in CW mode and Q-band in pulsed mode and in each case showed a
peak at a g value of approximately 1.83, as well as the signal at a g value close to
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Figure 7.21: CW EPR spectra of MEH-PPV: CdS. Each spectrum is an average
of twenty scans.
Figure 7.22: CW EPR spectra of MEH-PPV: PbS. Each spectrum is an average
of 25 scans.
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Figure 7.23: Comparison between light induced spectra of MEH-PPV, MEH-PPV:
CdS, and MEH-PPV: PbS.
Figure 7.24: Power dependence of light induced CW EPR spectra of MEH-PPV:
CdS. Each spectrum is an average of five scans.
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Figure 7.25: Power dependence of light induced CW EPR spectra of MEH-PPV:
PbS. Each spectrum is an average of five scans.
Figure 7.26: Power dependence of light induced CW EPR spectra of MEH-PPV.
Each spectrum is an average of five scans.
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2. Figures 7.27 and 7.28 show the dark, illuminated, and light induced spectra of
the composite at X-band and Q-band respectively.
Figure 7.27: Wide field scans of MEH-PPV: CdS at X- band showing high field
peak.
The g values of CdS in a bulk crystal are g‖ = 1.760 ± 0.005 and g⊥ =
1.785± 0.005 [117]. This signal has been attributed to electrons in the conduction
band [118].
Using Raman scattering, the effective electron g value of CdS nanocrystals
embedded in a glass matrix has been measured as a function of nanocrystal size,
with values ranging from 1.785±0.005 to 1.810±0.005 recorded [117]. This increase
in the g value of the nanocrystals relative to the bulk crystal is also seen in the
MEH-PPV: CdS nanocomposites, with a g value of 1.83 recorded.
From Figure 7.28 it appears that at close to g = 2 there is a broadband signal,
and a narrow line. From comparisons with the polaron signal in MEH-PPV spectra
in Section 6.2.3 the narrow signal is likely to be due to positive polarons, whilst
the broadband signal is likely to be due to the nanocrystals. This broad signal is
very likely to be related to defects, possible due to surface states.
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Figure 7.28: Wide field scans of MEH-PPV: CdS at Q-band showing high field
peak.
To investigate the interactions occurring between the conjugated polymer and
CdS a range of blends were studied: CdS in PMMA, CdS in oleylamine, and CdS
in MEH-PPV. PMMA is a non-conjugated polymer and thus comparisons between
PMMA: CdS and MEH-PPV: CdS should give information on the effect of the con-
jugation. CdS in oleylamine is a polymer free reference sample. From the method
used for the oleylamine: CdS growth the nanocrystals should be approximately
5.1 nm in diameter [96]. TEM measurements were not performed on PMMA: CdS
so information on the size of these nanocrystals is not available.
Figures 7.29 and 7.30 show the X-band and Q-band light induced spectra of
MEH-PPV, MEH-PPV: CdS, PMMA: CdS, and oleylamine: CdS. No light induced
spectra were observed for oleylamine and PMMA without nanocrystals. The MEH-
PPV: CdS material showed a dark signal, as seen in Figure 7.28, whilst no dark
signal was observed in the remaining materials. The feature at approximately 1170
mT in the MEH-PPV spectra in Figure 7.30 is an anomaly due to background
subtraction. It is likely that the broadband component seen in Figure 7.29 was
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not obvious in CW measurements due to its small height relative to the polaronic
peak. Q-band measurements allowed the components of the composite spectra to
be more fully resolved.
Figure 7.29: Light induced spectra at X-band of MEH-PPV, MEH-PPV: CdS,
PMMA: CdS, and oleylamine: CdS. The inset shows the broad feature
in more detail.
In Figures 7.29 and 7.30, all spectra from materials containing nanocrystals
show a broad band component. The three composites contained different loadings
of nanocrystals, and this may account for the differences, particularly in height,
of the broad signal. The size of the nanocrystals may also contribute to the
signal [119]. The existence of this broad signal in materials not containing a
conjugated material (PMMA: CdS and oleylamine: CdS) indicates that the MEH-
PPV: CdS signal is not due simply to charge separation. As with MEH-PPV: CdS,
the broad band signal at around g = 2 is likely to be due to defects such as surface
states.
The polymer concentration of the MEH-PPV and MEH-PPV: CdS samples in
Figure 7.29 were approximately the same (to within a factor of two) but the peak
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Figure 7.30: Light induced spectra at Q-band of MEH-PPV, MEH-PPV: CdS,
PMMA: CdS, and oleylamine: CdS.
heights of the polaronic signal differed by a factor of six. The area under the peak
is proportional to the number of spins present in the system, so in this case the
difference in peak heights indicates that more polarons are present in MEH-PPV:
CdS than MEH-PPV. It can be concluded that the MEH-PPV: CdS signal is at
least partially due to charge separation.
7.5 Summary
This chapter has explored a one-pot synthesis of nanocrystals in polymer. Growths
of PbS nanocrystals were attempted in precursor and soluble polymers. A xan-
thate dimethoxy PPV precursor proved too unstable to allow nanocrystal growth,
however syntheses were successfully performed in a range of MEH-PPV materials,
and in P3HT. The first devices based on P3HT: PbS from this one-pot synthe-
sis were achieved, and optimisation of these devices should lead to increases in
efficiency.
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Characterisation of nanocomposites synthesised by Alexandros Stavrinadis was
also carried out. Both Pbs and CdS nanocrystals quenched the photoluminescence
of MEH-PPV, suggesting that charge separation is occurring. LEPR measure-
ments showed that the nanocrystals contributed to the electronic spin distribution
in the blends. In particular, the polaronic signal was significantly greater in an
MEH-PPV: CdS blend compared to MEH-PPV, indicating that charge separation
was occurring. A broad band signal was also observed in CdS nanocrystals with-
out a conjugated material, and the origin of this signal may be a topic for future
investigation.
8
Charge Separating Polymers
The Feynman Problem-Solving Algorithm:
(1) write down the problem;
(2) think very hard;
(3) write down the answer.
Attributed to Murray Gell-Mann
Organic solar cells rely on charge carrier generation from exciton dissociation,
and on the efficient collection of these separated carriers at the electrodes. The
dominant approach to achieve this in solid-state solar cells is to blend conjugated
polymers with fullerenes [6]. Alternative approaches have been used to obtain
charge separation, including bulk heterojunctions formed from blends of two conju-
gated polymers with differing electron affinities [37], and hybrid blends of polymers
with inorganic materials [54]. One of the potential problems with using blends is
controlling the morphology in a reproducible way.
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In the literature several approaches have been explored to control phase sep-
aration of the two components. These include covalently bonding high and low
electron affinity materials together in the form of a double-cable polymer [120], and
combining the two components in conjugation with the polymer backbone. This
latter approach has been investigated in copolymers [121], and by attaching side
groups with different electron affinities to the polymer backbone [122]. Double-
cable polymers have generally resulted in poor device performance compared to
bulk heterojunctions of similar materials. By combining the high and low elec-
tron affinity components in conjugation the possibility of intramolecular charge
separation arises. Having the groups with different electron affinities attached to
the polymer backbone has not been investigated in depth in the field of polymer
photovoltaics, and it is this approach which is considered in this chapter.
Here, exciton dissociation in a single material rather than a blend is explored
using PPVs that have electron donating and withdrawing groups in a para arrange-
ment on the phenyl ring of the polymer backbone, as shown in Figure 8.1. Using
this electronically assymetric structure intramolecular separation of the exciton
should occur due to the dipole across the molecule.
In this work an alkoxy group (electron donating) and a nitro group (electron
withdrawing) were used to create the dipole. The alkoxy group was attached to
a phenyl ring on the polymer backbone, whilst the nitro group was attached to a
fluorene side chain. The fluorene moiety acts as a spacer between the alkoxy and
nitro groups, and was chosen since poly(fluorene)s have good charge mobility [123].
Identical materials except for the nitro group were also studied as controls. In two
of the four PPV derivatives investigated an additional fluorenyl unit was added to
make a longer side chain.
As these materials are designed for photoinduced charge separation, most of
the experiments performed were aimed at understanding this process, using the
techniques of PLQY, and light-induced CW and pulsed EPR. In addition, absorp-
tion measurements and device fabrication and testing were also performed. CW
EPR measurements were run at the University of Dundee, fabrication and test-
ing of DPFEH-PPV and NDPFEH-PPV devices was performed at the University
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Figure 8.1: Chemical structures for the materials studied (a) NDPFEH-PPV, (b)
DPFEH-PPV, (c) NDPF2EH-PPV, (d) DPF2EH-PPV.
of Queensland, and the remainder of the measurements were carried out at the
University of St Andrews.
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8.1 Photophysics
Figure 8.2 shows the UV-visible absorbance of the four PPV derivatives. The
spectra show broad absorption from 200 to 525 nm. Although this range does
not fall completely within the solar spectra, there is a significant overlap, allowing
these materials to potentially be useful for solar cells.
Figure 8.2: Absorption spectra for DPFEH-PPV, NDPFEH-PPV, DPF2EH-PPV,
and NDPF2EH-PPV.
In general for PPV based polymers there are two main absorption bands. The
short wavelength region at around 210 nm corresponds to localized pi − pi∗ transi-
tions, and the longer wavelength absorptions are due to delocalized pi − pi∗ transi-
tions. In DPFEH-PPV the absorption maximum at 209 nm is due to the localized
pi− pi∗ transitions, whilst the absorption bands at 280 nm and 313 nm correspond
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to the chromophore containing the phenyl ring of the polymer backbone and the
fluorenyl unit. The broad absorption around 455 nm is due to the delocalized
pi − pi∗ transitions of the polymer backbone. The absorption corresponding to the
chromophore is assigned by comparing with the absorption of the monomer [124].
The optical absorption spectra of NDPFEH-PPV also shows components due to
the localized pi− pi∗ transitions (202 nm), the chromophore comprising the phenyl
ring and fluorenyl unit (359 nm), and the delocalized pi− pi∗ transitions (454 nm).
The chromophore peak is red shifted compared to DPFEH-PPV due to the pres-
ence of the nitro group. DPF2EH-PPV also shows absorption features due to
localized (213 nm) and delocalized (460 nm) pi − pi∗ transitions, and has a peak
at 337 nm assigned to the chromophore comprising the phenyl unit and fluorenyl
moieties. This peak is red shifted compared to that of DPFEH-PPV due to the ex-
tra fluorene unit. NDPF2EH-PPV follows the same trend, with the chromophore
peak red shifted relative to DPF2EH-PPV due to the presence of the nitro group.
Figure 8.3 and Table 8.1 give the photoluminescence spectra and photolumi-
nescence quantum yield values for these polymers. The excitation wavelength was
442 nm.
NDPFEH- DPFEH- NDPF2EH- DPF2EH-
PPV PPV PPV PPV
PLQY (%) 3 ± 1 15 ± 2 6 ± 1 30 ± 2
Table 8.1: PLQY values for polymer films.
The PLQY results showed that the luminescence for nitro group containing
polymers was suppressed by approximately a factor of five compared to those
without the electron accepting unit. This is consistent with enhanced photoin-
duced charge transfer for NDPFEH-PPV and NDPF2EH-PPV. The PLQY values
for the materials containing the longer side chain were a factor of two greater than
the shorter side chain polymers, which is consistent with decreased charge transfer
occurring in materials with longer side chains.
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Figure 8.3: Photoluminescence spectra for DPFEH-PPV, NDPFEH-PPV,
DPF2EH-PPV, and NDPF2EH-PPV, excited at 442 nm.
8.2 Light Induced Electron Paramagnetic Reso-
nance
Light induced electron paramagnetic resonance (LEPR) was used to demonstrate
that charge separation occurs after light excitation. In this section the results
of nitrogen containing polymers (NDPFEH-PPV and NDPF2EH-PPV) will be
reviewed first before examining the control polymers (DPFEH-PPV and DPF2EH-
PPV). Blends with PCBM will then be discussed. Measurements were performed
at two frequencies, 10 and 34 GHz. Initial measurements on NDPFEH-PPV were
performed in CW mode. However, the use of pulsed EPR was found to give a
much improved signal to noise ratio compared to the CW measurements.
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8.2.1 Nitrogen Containing Polymers: NDPFEH-PPV and
NDPF2EH-PPV
Figure 8.4 shows the dark, illuminated, and light induced CW EPR signals for
NDPFEH-PPV. These signals are averages of twenty scans. There is a significant
dark signal in this material, and the light induced signal consists of a narrow line
and a weak broad line.
Figure 8.4: The dark, illuminated, and light induced signals of NDPFEH-PPV.
The spectrum has been recorded at 20 K, 50 K, 80 K, and 110 K, and the
light-induced signals for each of these temperatures are shown in Figure 8.5. The
linewidth of the signal does not change with temperature however the intensity
does change, as measured by the peak-to-peak height and the double integral of the
signal (which gives the total area under the curve). The temperature dependence
of the peak-to-peak height and double integral are shown in Figure 8.6.
The time dependence of the signal at both 20 K and 40 K is shown in Figure 8.7.
The signal rises to its maximum within approximately 20 minutes, and on returning
the sample to the dark there is no observable decay of the signal within the time
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Figure 8.5: The X-band light induced signal of NDPFEH-PPV at 20 K, 50 K, 80
K, and 110 K. Each spectrum is an average of twenty scans.
Figure 8.6: Dependence of the peak-to-peak height and double integral of
NDPFEH-PPV with temperature. Both quantities have been nor-
malised to the intensity at 20 K.
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scale studied.
Figure 8.7: The normalised time dependence of the signal at 20 K and 40 K.
Figures 8.8 and 8.9 show the X and Q band echo-detected field swept pulsed
EPR spectra for NDPFEH-PPV and NDPF2EH-PPV. The light induced spectra
were simulated using two centres; a polaron, and a radical centre localised on
nitrogen. Attempts were made to simulate the spectra with one centre only, either
by assuming the broad component was due to proton hyperfine splittings, or by
assuming a single delocalised centre with spin density on a nitrogen atom. However
these single centre simulations did not fit the experimental data.
The 14N hyperfine tensor values used were 20, 15, and 62 MHz. The isotropic
14N hyperfine constant required to simulate the broad spectrum, 34 MHz, is consis-
tent with reported values for radical anion centres containing a nitro group, which
are typically between 28 and 35 MHz [125, 126]. The simulations required a 55%
contribution from the nitro radical anion centre. That is, for each positive polaron
created on the polymer backbone a radical anion was formed.
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Figure 8.8: Field swept pulsed EPR spectra for NDPFEH-PPV at 9.7 and 33.7
GHz. The top panels show the dark and illuminated spectra, and the
bottom panels give the light induced spectra and simulation.
8.2.2 Control Polymers: DPFEH-PPV and DPF2EH-PPV
The light induced spectra for DPFEH-PPV and DPF2EH-PPV are shown in Fig-
ure 8.10. The light induced spectra for the control polymers were simulated as-
suming a single S = 1
2
using a Gaussian lineshape. The g-value anisotropy, g‖−g⊥,
was determined to be ∼0.0005 which is slightly less than literature values for PPV
materials of 0.001 and 0.002 [106, 127]. The linewidth was dominated by unre-
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Figure 8.9: Light induced field swept pulsed EPR spectra for NDPF2EH-PPV at
9.8 and 33.7 GHz. The simulations are given with a dashed line.
Figure 8.10: Light induced field swept pulsed EPR spectra for DPFEH-PPV at
9.8 and 33.7 GHz. A light induced spectrum for DPF2EH-PPV is
included as an insert. The simulations are given with a dashed line.
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solved proton hyperfine structure, at 9.7 GHz this was 0.8±0.1 mT. This is slightly
larger than values typically reported, for example 0.45± 0.01 and 0.66± 0.02 mT
for CN-PPV and MEH-PPV respectively [81].
The polymers containing nitro groups (NDPFEH-PPV and NDPF2EH-PPV)
showed polaron centres with g anisotropies comparable to the control polymers
(DPFEH-PPV and DPF2EH-PPV), but with a reduced linewidth. The g values
and linewidths are given in Table 8.2. This provides evidence for differences in the
polaron spin density distributions between the two types of materials, with a larger
amount of unresolved proton hyperfine interactions for the materials without a
nitro group on the side chain. In a previous study a reduction in polaron linewidth
was attributed to a reduced contribution from vinyl group spin density compared
to the phenyl units [81].
Centre gx gy gz ∆B (mT)
NDPFEH-PPV
Polaron 2.0029 2.0029 2.0034 0.55
Radical anion 2.0051 2.0032 2.0027 0.80
NDPF2EH-PPV
Polaron 2.0029 2.0029 2.0035 0.55
Radical anion 2.0050 2.0035 2.0035 0.80
DPFEH-PPV
Polaron 2.0029 2.0029 2.0034 0.75
Table 8.2: Simulation paramters for LEPR spectra; g values and linewidths.
From the LEPR results on this set of materials it can be concluded that func-
tionalising PPV derivatives using a nitro group leads to intramolecular charge sep-
aration of the exciton. Analysis of the spectra has shown that positive polarons
and nitro centred radical anions are formed in approximately equal quantities.
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8.2.3 Blends with PCBM
The charge separation properties were further investigated by blending a known
electron acceptor, PCBM, with the polymers. This is also interesting from a device
point of view because when the polymers are blended with PCBM the efficiency
improves [52, 128]. This will be discussed in Section 8.3.
DPFEH-PPV: PCBM
Figure 8.11 shows the dark, illuminated, and light induced EPR signals for DPFEH-
PPV. There are two peaks in the blend, and the signal is much more intense than
in the pure polymer. For the neat polymer the signal was still extremely weak
after one hundred scans, whilst in the blend the signal is easily observable after
twenty scans.
Figure 8.11: Dark, illuminated, and light induced signals for a blend of DPFEH-
PPV with PCBM. Signals are averages of twenty scans.
The two peaks can be separated by examining the signal in the dark, under
illumination, and after the light has been switched off, as shown in Figure 8.12.
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From this figure it is apparent that the high field peak is only significant during
illumination and decays almost back to the small dark signal after the illumination
ceases. On the other hand the low field peak in the dark is already at 75% of
its maximum height, and decays more slowly than the high field peak, being at
around 90% of the maximum height after thirty minutes without illumination.
This indicates that the signals are from distinct species: namely DPFEH-PPV
and PCBM.
Figure 8.12: EPR signal of DPFEH-PPV: PCBM in the dark, under illumination,
and after illumination has ceased for thirty minutes.
NDPFEH-PPV: PCBM
Figure 8.13 shows the dark, illuminated, and light induced signals from a blend
of NDPFEH-PPV with PCBM. As with DPFEH-PPV: PCBM there are two lines
present, and these can be examined more closely by observing their power depen-
dence, shown in Figure 8.14, and time dependence, shown in Figure 8.15.
In Figure 8.14 the low field peak shows very little variation with power, whilst
the high field signal saturates at higher powers. Differences in the behaviour of
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Figure 8.13: Dark, illuminated, and light induced signals for a blend of NDPFEH-
PPV with PCBM. Signals are averages of twenty scans.
the peaks are also seen in the time dependence, shown in Figure 8.15. Similarly
to DPFEH-PPV: PCBM, the two lines in NDPFEH-PPV: PCBM start off with
quite different intensities relative to their maximum height. They then both grow
to maximum strength very rapidly once illumination begins. Once the light source
is turned off the low field peak decays extremely slowly, whilst the high field peak
initially drops rapidly and then continues to decay slowly.
Comparing the behaviour of the lines in DPFEH-PPV: PCBM and NDPFEH-
PPV: PCBM, as well as the g values of the signals, the high field peak can be
attributed to PCBM and the low field peak to the polymer. This agrees with
literature reports for blends of MDMO-PPV with PCBM where the low field peak
was assigned to the polymer and the high field peak to PCBM [129]. As there is
a light induced signal in each blend it can be concluded that charge separation is
likely to be occurring. This is also supported by the enhancement of the DPFEH-
PPV polaronic signal in the presence of PCBM relative to the neat polymer, as in
the neat polymer charge separation is unlikely and hence only a very weak signal
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Figure 8.14: Power dependence of illuminated signals from a blend of NDPFEH-
PPV and PCBM. Each signal is an average of five scans.
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Figure 8.15: Time dependence of the two signals generated in a blend of NDPFEH-
PPV and PCBM. Filled circles and open circles give the normalised
peak-to-peak height of the lower and higher field signals respectively.
Error bars in time give the length of time taken for the measurement,
and in the intensity direction give the uncertainty in peak height.
is seen.
Further experiments which could examine these blends in more details include
high frequency measurements to separate the two components, and examination
of the relaxation properties of the blends.
8.3 Devices
As NDPFEH-PPV and NDPF2EH-PPV have good absorption overlap with the so-
lar spectra, and are able to separate excitons intramolecularly, they appear promis-
ing candidates for organic photovoltaics.
Devices of NDPFEH-PPV, DPFEH-PPV, NDPF2EH-PPV, and DPF2EH--
PPV were fabricated. The properties of devices based on NDPFEH-PPV and
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DPFEH-PPV are summarised in Table 8.3. The values shown are similar to those
reported elsewhere [52, 128] except for having lower open circuit voltages. Val-
ues of around 1.2 V have been achieved previously [128] and the lower open cir-
cuit voltages reported here may be due to series resistances. Figure 8.16 shows
the current-voltage characteristics of devices fabricated from DPF2EH-PPV and
NDPF2EH-PPV. The device properties are summarised in Table 8.4.
Material Voc (V) Jsc (mA/cm
2) FF η (%)
DPFEH-PPV 0.47 4.9× 10−3 0.29 6.8× 10−4
NDPFEH-PPV 0.69 3.3× 10−3 0.23 5.3× 10−4
Table 8.3: Device properties for DPFEH-PPV and NDPFEH-PPV.
Figure 8.16: Current-voltage characteristics of DPF2EH-PPV and NDPF2EH-
PPV devices.
Unfortunately no improvement was seen in devices fabricated from either NDPFEH-
PPV or NDPF2EH-PPV, relative to the control polymers DPFEH-PPV and DPF2EH-
PPV. Since there is clearly an improvement in charge separation in the nitro con-
taining polymers (as seen in PLQY and LEPR measurements) the most likely rea-
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Material Voc (V) Jsc (mA/cm
2) FF η (%)
DPF2EH-PPV 1.67 5.0× 10−3 0.19 1.6× 10−3
NDPF2EH-PPV 1.15 6.2× 10−3 0.14 9.7× 10−4
Table 8.4: Device properties for DPF2EH-PPV and NDPF2EH-PPV.
son for the lack of device performance is that the electron remains strongly bound
to the nitro group after charge separation, and hence inhibits charge extraction.
In Lochab et al. [128] devices based on NDPFEH-PPV: PCBM and DPFEH-
PPV: PCBM were also investigated. In both cases adding PCBM increased the
device efficiency, primarily through increasing the short circuit current. In the
blend of DPFEH-PPV with PCBM, it was postulated that PCBM is responsible
for both charge separation and electron transport. This is supported by the results
of Section 8.2.3 which show that when DPFEH-PPV is blended with PCBM charge
separation occurs, unlike in the neat polymer. Charge separation also occurs in
the blend of NDPFEH-PPV with PCBM, however it is possible that this may be a
two step process with the PCBM extracting the electron from the nitro group. In
both blends PCBM is responsible for electron transport and hence increases the
device efficiency.
8.4 Conclusions
In this chapter the possibility of intramolecular exciton dissociation in a modified
PPV polymer has been investigated using PLQY and LEPR. The photovoltaic
device properties of the materials have also been studied.
The PLQY showed the luminescence for nitro containing polymers was sup-
pressed by approximately a factor of five compared to control polymers, indicating
that enhanced photoinduced charge transfer was occurring in NDPFEH-PPV and
NDPF2EH-PPV. In addition, the PLQY values for the longer side chain materi-
als were double that of the shorter side chain polymers. This is consistent with
decreased charge separation occurring in longer side chain materials. Although
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the PLQY results provide good evidence that intramolecular exciton dissociation
is occurring, there is a slight possibility that the nitro group could enhance non-
radiative decay (which would explain the PLQY results) without increasing charge
separation.
However, the results of LEPR measurements clearly show that the presence of
the nitro group leads to intramolecular charge separation of the exciton, and that
positive polarons and nitro centred radical anions are formed in approximately
equal quantities upon photoexcitation.
Unfortunately, despite the overlap of the absorption spectrum of the polymers
with the solar spectrum, and the intramolecular charge separation, single layer
solar cells displayed poor device efficiencies, which indicates poor transport of the
separated charges. Thus, to take advantage of the intramolecular charge separa-
tion in these materials, charge extraction issues must be addressed in the next
generation of materials.
9
Dendrimer: Fullerenes
All of physics is either impossible or trivial. It is impossible until
you understand it, and then it becomes trivial.
Ernest Rutherford
This chapter details the results of experiments performed on dendrimers and
dendrimers blended with fullerenes. The materials used were introduced in Sec-
tion 4.4 and will be briefly outlined here.
An iridium cored dendrimer synthesised by Sarah Stanton was investigated.
The structure of this dendrimer is shown in Figure 9.1, and consists of an iridium
core, phenylene dendrons, and 2-ethylhexyloxy surface groups. Solar cells based on
this material have been investigated previously, with power conversion efficiencies
of 0.11% seen in a blend with PCBM [52]. This efficiency is surprisingly high given
the small overlap of the material’s absorption spectrum with the solar spectrum.
This material will not be the main focus of this chapter, but will be included in
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EPR results.
Figure 9.1: Chemical structure for the iridium cored dendrimer.
Three families of dendrimer materials based on cyanine dye cores, synthesised
by Peter Deakin [130], were investigated. The chemical structures of these mate-
rials are shown in Figures 9.2, 9.3, and 9.4. The difference between these three
families is in the length of the core conjugation. In each family three materi-
als were supplied: a core material, a core material with bromine atoms attached,
and a dendrimer. In the S-dendrimer family a dendrimer with PF−6 instead of I
−
as the counterion, and a dendrimer with benzimidazole moieties in the dendrons
(designed to aid electron transport) were also provided.
A set of dendrimers based on fluorene cores, also synthesised by Peter Deakin,
were studied. These dendrimers are shown in Figure 9.5. One of these two den-
drimers contains electron transporting groups in the dendrons [130].
All measurements in this chapter were performed at the University of St An-
drews, except for CW EPR measurements (run at the University of Dundee), and
a set of absorption measurements run by Peter Deakin at the University of Oxford.
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Figure 9.2: Chemical structures for the cyanine dye cored dendrimer family with
the shortest core conjugation length (a) S-core, (b) S-coreBr, (c) S-
dendrimer, (d) S-dendrimerPF6, (e) S-dendrimerET.
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Figure 9.3: Chemical structures for the cyanine dye cored dendrimer family with
the middle core conjugation length (a) M-core, (b) M-coreBr, (c) M-
dendrimer.
Figure 9.4: Chemical structures for the cyanine dye cored dendrimer family with
the longest core conjugation length (a) L-core, (b) L-coreBr, (c) L-
dendrimer.
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Figure 9.5: Chemical structures for the fluorene cored dendrimer family (a) F-
dendrimer, (b) F-dendrimerET.
9.1 Photophysics
Solution absorption measurements, shown in Figure 9.6, were performed on the
majority of the cyanine and fluorene cored dendrimers by Peter Deakin. Figure 9.6
shows the tunability of the absorption of the dendrimer through changing the
length of core conjugation: F-dendrimer has an absorption peak at 420 nm, S-
dendrimer at 582 nm, M-dendrimer at 683 nm, and L-dendrimer at 789 nm. One
of the aims of these materials is that by combining them, a significant portion of
the visible solar spectrum (shown in Figure 2.2) can be covered.
In each of the cyanine cored families bromo substitution reduces the band
gap relative to the core material, hence increasing the peak wavelength by ∼10
nm. Adding dendrons further increased the peak wavelength by ∼20 nm. This is
due to an extension of the conjugation produced by adding more aromatic rings.
However, adding further aromatic groups as in S-dendrimerET does not have an
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Figure 9.6: Normalised absorption spectra for cyanine and fluorene cored den-
drimer families. The F-dendrimer family is shown in blue, the S family
in green, M in pink, and L in red.
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effect on the peak wavelength relative to S-dendrimer. This may be due to the
dendrons twisting away from planarity, hence reducing the overlap between the
dye conjugation and the dendron conjugation. This twist in the conjugation may
also occur to a lesser extent in the F-dendrimer and F-dendrimerET system, where
there is a 9 nm difference between the two peak wavelengths.
Absorption measurements were also performed on a number of thin films of
dendrimer and dendrimer blended with PCBM. Figure 9.7 shows the absorption
of F-dendrimer in solution, in a thin film, and in a thin film with PCBM. Similarly,
Figures 9.8, 9.9, 9.10, and 9.11 show the absorption spectra for S-dendrimer, S--
dendrimerET, S-dendrimerPF6, and M-dendrimer respectively.
Figure 9.7: Normalised absorption spectra for F-dendrimerET.
There is very little difference between the absorption spectra of F-dendrimerET
in solution or as a thin film. This indicates that the morphology has little role
in this material’s absorption properties. As expected, adding PCBM to the den-
drimer results in the absorption spectrum being a superposition of the PCBM and
dendrimer spectra; a result which also holds for the cyanine dendrimers. However,
the relative intensities and widths of peaks in the cyanine dendrimers’ absorption
9.1 Photophysics 156
Figure 9.8: Normalised absorption spectra for S-dendrimer.
Figure 9.9: Normalised absorption spectra for S-dendrimerET.
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Figure 9.10: Normalised absorption spectra for S-dendrimerPF6.
Figure 9.11: Normalised absorption spectra for M-dendrimer.
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spectra are significantly different between the solution and film state. This is at-
tributed to a combination of solid state effects including possibly the formation of
small aggregates [131].
Photoluminescence and photoluminescence quantum yield measurements were
also performed on F-dendrimerET, S-dendrimer, S-dendrimerET, and S-dend-
rimerPF6. The photoluminescence of these materials are shown in Figure 9.121.
The excitation wavelength for F-dendrimerET was 407 nm, and for S-dendrimer,
S-dendrimerET, and S-dendrimerPF6 was 532 nm.
F-dendrimerET showed a wavelength difference of 120 nm between the peak
of the absorption and the photoluminescence, whilst S-dendrimer showed a wave-
length difference of approximately 95 nm.
Figure 9.12: Normalised photoluminescence spectra for F-dendrimerET, S-
dendrimer, S-dendrimerET, and S-dendrimerPF6.
Table 9.1 summarises the photoluminescence quantum yield measurements of
the dendrimers. These measurements give relative values because the integrating
1Because the spectrometer was only capable of measuring to 800 nm materials in the M and
L families could not be investigated, as they did not respond within the available range.
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sphere was not correctly calibrated at the time of the experiments. However, in
each case adding PCBM quenches the photoluminescence.
Material PLQY (%)
F-dendrimerET 0.5
F-dendrimerET: PCBM 0.004
S-dendrimer 0.2
S-dendrimer: PCBM 0.1
S-dendrimerET 0.1
S-dendrimerET: PCBM 0.07
S-dendrimerPF6 0.5
S-dendrimerPF6: PCBM 0.3
Table 9.1: PLQY of cyanine dendrimers.
The combination of good overlap of the absorption spectra of the materials
with the solar spectrum, and quenching of the photoluminescence in blends with
PCBM suggests that these materials may be useful in photovoltaic devices.
9.2 Devices
Devices were fabricated in one of three structures. The top contact was either
calcium/ aluminium, aluminium only, or C60/ aluminium, and the active layer
was typically either S-dendrimer or S-dendrimer: PCBM. S-dendrimer was chosen
as it was the most abundant material. The structures are shown in Figure 9.13
for S-dendrimer: PCBM as the active layer. PEDOT layers were used as previous
research had shown they lead to improved performance in dendrimer solar cells [52,
132].
Solar cells fabricated using structure 1 and with an active layer of S-dendrimer:
PCBM are shown in Figure 9.14. Devices without PCBM contained short circuits.
The current-voltage characteristics of devices based on structure 2 are shown in
Figures 9.15 (for S-dendrimer) and 9.16 (for S-dendrimer: PCBM), and for struc-
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Figure 9.13: Device structures used in dendrimer devices.
ture 3 are shown in Figures 9.17 (S-dendrimer) and 9.18 (S-dendrimer: PCBM).
Table 9.2 summarises the characteristics of each device.
Figure 9.14: Current-voltage characteristics of S-dendrimer: PCBM device fabri-
cated with structure 1.
In order to understand the devices it is important to know the energy lev-
els of the various materials. HOMO and LUMO levels were measured by Peter
Deakin using cyclic voltammetry, and a selection of these results are presented in
Table 9.3 [130]. The HOMO and LUMO levels of PCBM are 5.51 eV and 3.81
eV [133], for C60 are 6.1 eV and 4.4 eV [134], and the work functions of calcium and
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Figure 9.15: Current-voltage characteristics of S-dendrimer device fabricated with
structure 2.
Figure 9.16: Current-voltage characteristics of S-dendrimer: PCBM device fabri-
cated with structure 2.
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Figure 9.17: Current-voltage characteristics of S-dendrimer device fabricated with
structure 3.
Figure 9.18: Current-voltage characteristics of S-dendrimer: PCBM device fabri-
cated with structure 3.
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Structure Material Voc (V) Jsc (mA/cm
2) FF η (%)
1 S-dendrimer: PCBM 0.16 0.049 0.26 0.004
2 S-dendrimer 1.23 0.0022 0.22 0.001
2 S-dendrimer: PCBM 0.40 0.065 0.31 0.015
3 S-dendrimer 1.09 0.0016 0.20 0.0006
3 S-dendrimer: PCBM 0.98 0.0031 0.21 0.001
Table 9.2: Current-voltage characteristics of S-dendrimer and S-dendrimer: PCBM
devices.
aluminium are 2.87 eV and 4.28 eV respectively [135]. The work function of ITO
can vary from 4.3 eV to 5.1 eV depending on its preparation, however for oxygen
plasma treated ITO with a PEDOT layer the work function of the electrode is
approximately 4.7 eV [136, 137, 138]. Using these values the energy levels of the
three structures are shown in Figure 9.19.
Material HOMO (eV) LUMO (eV)
F-dendrimer 6.5 3.6
F-dendrimerET 6.6 3.7
S-dendrimer 5.3 3.4
S-dendrimerET 5.5 3.4
M-dendrimer 5.1 3.6
L-dendrimer 4.8 3.6
Table 9.3: HOMO and LUMO levels of cyanine and fluorene dendrimers, measured
by Peter Deakin.
The open circuit voltage of bulk heterojunction devices with ohmic contacts is
largely governed by the difference in energy levels between the HOMO of the donor
and the LUMO of the acceptor [6]. This is due to Fermi level pinning of the elec-
trodes to the HOMO and LUMO levels of the donor and acceptor respectively [30].
However, the actual value of the open circuit voltage rarely reaches this maximum;
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Figure 9.19: Electronic structures of dendrimer devices.
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for example in PCBM: P3HT the difference in the two energy levels is 1.45 eV [12]
whilst the observed Voc is generally 0.5 V to 0.6 V [6, 53]. The open circuit voltage
also depends weakly on the work function of the negative electrode [30]. When
the work function of the negative electrode is below the LUMO of the acceptor,
as is the case for calcium when PCBM is an acceptor, the electrode work function
remains pinned close to the LUMO level [139].
In the dendrimer devices the difference between the S-dendrimer HOMO and
PCBM LUMO levels, and hence the maximum open circuit voltage, is 1.5 V. As
seen in Table 9.2 the observed open circuit voltages are far below this value, and
are closer to the difference in work functions of the two electrodes. The exception
to this is devices with Structure 3, which include a layer of C60, for which the
open circuit voltage is 0.98 V. One possible explanation for the low Voc values
in devices with Structures 1 and 2 is that there is insufficient PCBM to enable
energy alignment of the PCBM LUMO level with the metal, and adding a layer
of C60 leads to a better alignment. However the devices with C60 also have lower
currents, and the overall power conversion efficiency is very low.
Although this is the first report of solar cells based on cyanine cored dendrimers,
cyanine dyes (without dendrons) have received a small amount of attention in
photovoltaics. They have been used as sensitizers in dye sensitised solar cells [140,
141], as both donor and acceptor in heterojunction devices [142], and have been
covalently linked to C60 for use in single and double layer devies [131]. Using a
structure similar to Structure 2, without PCBM, a device efficiency of 0.0038%
was achieved [142]. This is of the same order of magnitude as the 0.001% device
presented in Figure 9.15. Higher efficiencies were achieved using the cyanine-
fullerene dyad as the active material in Structure 2, with efficiencies of 0.041%
under white light excitation of 310 mW/cm2 and 0.1% under 3.1 mW/cm2 [131].
Again, this is of the same order of magnitude as the 0.015% device for an S-
dendrimer: PCBM blend presented in Figure 9.16.
Although the cyanine based materials have the advantage over many den-
drimers of excellent overlap of their absorption spectra with the solar spectrum,
a variety of dendrimer based materials with larger bandgaps have shown reason-
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able success in photovoltaics. The highest reported power conversion efficiency of
a dendrimer solar cell is 1.3%. These devices were based on phenyl-cored thio-
phene dendrimers blended with PCBM, with longer arms leading to increased
efficiency [7]. Oligothiophene dendrons were also a feature of several other den-
drimer based solar cells [143, 144, 145] with efficiencies as high as 1.24% [144].
The technique of varying the absorption spectrum by changing the core length
was also employed using an oligothiophene core with carbazole based dendrons,
giving a maximum efficiency of 0.29% [146].
These higher bandgap materials show considerable promise, however they could
be improved by having better absorption properties. Furthermore, the comparison
between devices based on cyanine dyes and cyanine cored dendrimers shows that
the dendrons do not appear to be enhancing the efficiency. One possibility for the
next generation of materials would be to combine the excellent absorption tun-
ability of the cyanine cores with oligothiophene dendrons. Thiophenes have high
charge carrier mobility [53] and thiophene based dendrons have been successfully
demonstrated [7, 143, 144, 145]. Another possibility would be to use carbazole
based dendrons in conjunction with a cyanine core, for which the synthesis has al-
ready been developed [130], since these dendrons should facilitate hole transport.
Any of these materials could be combined with PCBM as an electron acceptor to
produce an active layer in a photovoltaic device.
One of the aims of this material set is to combine the dendrimers so that a
device absorbing over a broad region of the solar spectrum is realised. However
if materials from each of the families (for example F-dendrimer, S-dendrimer, M-
dendrimer, L-dendrimer) were simply combined with PCBM in one active layer
it is highly likely that some materials would act as traps. For example if light
was absorbed by L-dendrimer the hole would not be able to reach the ITO elec-
trode unless there was a continuous pathway of L-dendrimer molecules from the
absorbing site to the electrode. A possible solution is to stack devices into a mul-
tiple heterojunction device, with each device having a different active layer [147].
Between each device a thin recombination layer would be evaporated. As the
cyanine dendrimers are highly absorbing [130] only very thin active layers would
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be required. Ideally this device would harvest photons across the solar spectrum,
and the open circuit voltage would be the sum of the individual open circuit volt-
ages. However very careful device optimisation would need to be performed as the
maximum short circuit current in such devices is equal to the lowest individual
short circuit current [38]. Furthermore, the construction of tandem solar cells us-
ing spin-cast materials requires several extra steps for each component cell so that
previous layers are not washed away, and a solution processed bilayer is necessary
to generate the full open circuit voltage of each cell in the device [148].
9.3 Electron Paramagnetic Resonance
CW EPR measurements were run on the iridium, cyanine, and fluorene cored
dendrimers. Measurements on the iridium cored dendrimer were also performed in
a blend with PCBM. Pulsed measurements at 9.5 GHz were made on S-dendrimer,
and at 35 GHz on S-dendrimer and M-dendrimer.
9.3.1 Iridium cored dendrimer
Figure 9.20 shows the light induced spectrum of the dendrimer, with the spectrum
an average over fifty scans. A microchip laser at 355 nm was used as the light
source, and the microwave power was 5 ×10−4 W. This wavelength was used
rather than 407 nm as the absorption spectrum of this dendrimer is in the ultra-
violet [14]. The spectra in the dark and under illumination were both extremely
weak, as is the light induced spectra.
Figure 9.21 shows the dark, illuminated, and light induced spectra when the
dendrimer is blended in a 1: 1 ratio with PCBM. From comparisons with spectra
of PCBM alone the higher field peak is thought to be due to PCBM whilst the
lower field peak is attributed to the dendrimer. The enhancement in the signal
upon addition of PCBM indicates that charge separation may be occurring.
Solar cells fabricated using the iridium cored dendrimer show almost zero pho-
tocurrent, whereas adding PCBM in a 1: 2 ratio leads to an efficiency of 0.11% [52].
This result, along with the observation that there is very little overlap between the
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Figure 9.20: LEPR spectrum of iridium cored dendrimer. The spectrum is an
average of fifty scans.
Figure 9.21: Dark, illuminated, and light induced spectra of iridium cored den-
drimer blended with PCBM. The spectra are averages of twenty scans.
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absorption of the blend and the solar spectrum, supports the conclusion that there
is significant charge separation occurring between the dendrimer and PCBM.
9.3.2 Fluorene cored dendrimers
The CW EPR signal of F-dendrimer and F-dendrimerET were investigated. For
F-dendrimer no dark signal was detected. The sample was illuminated at 355 nm
and also at 407 nm (after returning the sample to room temperature and cooling
in the dark). No light induced signal was seen using the 355 nm laser, and an
extremely small signal was seen when the 407 nm laser was used. This signal is
shown in Figure 9.22.
Figure 9.22: LEPR spectrum of F-dendrimer. The light source was a 407 nm
laser, and the spectrum shows an average over five scans. The arrow
indicates the position of the signal.
No light induced signal was present for F-DendrimerET when it was illumi-
nated with either 355 nm or 532 nm light. However, a dark signal was present,
and a five scan average of this is shown in Figure 9.23. It is interesting to note
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that no light induced signal was observed from this molecule, given that it has
electron transporting dendrons and a hole transporting core, and therefore charge
separation may be expected to occur on illumination.
Figure 9.23: Dark spectrum of F-dendrimerET. The spectrum is an average of five
scans.
9.3.3 Cyanine cored dendrimers
CW measurements
Figure 9.24 gives an overview of the X-band EPR signals present in the cyanine
cored dendrimer families. Each sub-figure includes a dark, an illuminated, and a
light induced signal. Except for the case of S-dendrimer, the spectra are averages
of five scans and were taken at a microwave power of 5×10−4 W. For S-dendrimer
the signals are averages of nine scans and were taken at a microwave power of
2× 10−4 W.
There are several trends evident in Figure 9.24. Firstly, the linewidth of the
signals and the amount of fine structure appear to decrease with longer conjugation
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Figure 9.24: EPR signals of cyanine dendrimer family.
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lengths. Secondly, in most cases the dark signal is a very weak signal and is
only significant in cases where the illuminated signal is also weak. There are
vast variations in signal intensity between the materials, but it is difficult to make
quantitative conclusions from these variations, particularly since the materials had
different absorption properties and the spectra were taken over the course of a week.
However, some qualitative trends can still be seen. For example, the signal to noise
tends to improve in each group (core, coreBr, dendrimer) as the conjugation length
is increased. S-dendrimer is an anomaly in this case, but its signal was recorded
at a different power than the remainder of the materials.
The enhancement of the signal with increasing conjugation length may be due
to the increasing difference between the lowest energy peak in the absorption
spectrum (shown in Figure 9.6) and the illumination wavelength (407 nm). In
conjugated materials such as CN-PPV and MEH-PPV the LEPR intensity has a
threshold at an energy slightly higher than the peak energy of the optical absorp-
tion spectrum; for example in MEH-PPV the optical absorption peak is at 2.5 eV
whilst the threshold of the LEPR intensity occurred at approximately 3 eV [80].
At energies less than 3 eV there is no LEPR signal, and at higher energies the
signal intensity increases. The difference in the optical absorption peak and the
threshold energy is interpreted by Kuroda et al. as the exciton binding energy, with
energies of greater than the threshold energy being necessary for the formation of
polarons, and hence for an LEPR signal to be observed [80]. The enhanced signal
intensity with increasing difference between the optical absorption peak and the
illumination wavelength, seen in Figure 9.24, may be due to similar reasons, with
greater numbers of polarons present when the longer conjugation length materials
are illuminated at 407 nm.
Several of these trends can be examined in more detail by looking at spectra
generated from more averages, and by investigating the power dependence of the
signals. Figure 9.25 shows the illuminated signal from each of the nine materials
shown in Figure 9.24. A microwave power of 2×10−4 W was used, and the spectra
are normalised. The number of scans used to generate each spectrum are as follows:
S-dendrimer, 36; M-dendrimer, 9; L-dendrimer, 16; S-coreBr, 50; M-coreBr, 50;
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L-coreBr, 16; S-core, 50; M-core, 36; L-core, 16.
There are several very interesting features in Figure 9.25. Firstly looking at
the spectra from the dendrimers, it appears that almost all the features seen in the
spectrum of S-dendrimer are also present in the other dendrimers. However, these
features are weighted to different degrees so that the spectra appear to narrow
as the conjugation length increases. Also, the narrow peak at 338.5 mT in S-
dendrimer does not appear in M-dendrimer or L-dendrimer. The same trends are
seen in the coreBr and core materials, although in S-core the signal to noise ratio
is too low to see much fine structure. In the core and coreBr materials the different
peak features of the longer conjugation materials lead to a decrease in the g value
of the crossover point.
Comparing between members of the same conjugation length family it appears
that the coreBr group has the greatest proportion of signal strength in the low
field region. This is more apparent in the S and M lengths since they have greater
resolution of the fine structure. Bromine is strongly electronegative so it is likely
that this is perturbing the electronic distibution in the molecule, which is then
seen in the EPR spectra.
The presence of an EPR signal in this set of molecules is somewhat surprising,
as they are not designed for intramolecular charge separation. Most EPR work on
cyanine dyes has examined photoinduced charge transfer to TiO2 [149] or AgBr
microcrystals [150], and an EPR signal has only been observed in composites with
the TiO2 or AgBr. However, these studies have largely been performed at room
temperature [149, 150] so it is possible that the dyes investigated would show a
signal at 20 K, where the recombination time is significantly longer.
S-dendrimerET contains benzimidazole groups in the dendrons to aid electron
transport in the material. As the cyanine dye tends to be used for hole trans-
port [131] it is reasonable to expect that some degree of charge separation may
occur in S-dendrimerET. However, the light induced signal is actually very weak,
as shown in Figure 9.26, and this indicates that charge separation between the
core and dendrons is not a strong process. This agrees with the results on F-dend-
rimerET, which also contains benzimidazole groups in the dendrons, in which no
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Figure 9.25: Illuminated EPR signals of cyanine materials at 2× 10−4 W.
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light induced signal was seen.
Figure 9.26: LEPR spectrum of S-dendrimerET. The spectrum is an average of
five scans.
The narrow peak in the S-dendrimer spectra at approximately 339 mT seems
to be unique in the materials investigated thus far. However, it also appears (to
a lesser extent) in S-dendrimerPF6. Figure 9.27 shows the dark, illuminated, and
light induced spectra for this material. The spectra were taken using a microwave
power of 2×10−4 W and averaging over nine scans. Figure 9.28 shows a comparison
between the illuminated spectra of S-dendrimer and S-dendrimerPF6. The S-
dendrimer signal is an average of 36 scans, and the S-dendrimerPF6 signal is an
average of 50 scans. From these figures it is apparent that the fine structure is
affected not only by the dendrons (or bromine atoms) but also by the counter-ion.
The various components of the S-dendrimer spectrum can also be investigated
by examining the power dependence of the signal, as shown in Figure 9.29. It
appears that the narrow line at around 339 mT has a different power dependence
to the remainder of the signal as it is dominant at low powers and also saturates
at a lower power than the broad component. This indicates that the two lines may
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Figure 9.27: Dark, illuminated, and light induced spectra of S-dendrimerPF6 using
a microwave power of 2× 10−4 W, and 9 averages.
Figure 9.28: Illuminated spectra of S-dendrimer and S-dendrimerPF6 using a mi-
crowave power of 2× 10−4 W.
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Figure 9.29: Dependence of S-dendrimer LEPR signal on microwave power. Each
spectrum is an average of nine scans.
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be due to different species.
Pulsed measurements
Pulsed measurements were performed on S-dendrimer (at X-band and Q-band)
and M-dendrimer (at Q-band). Figures 9.30 and 9.31 show the dark, illuminated,
and light induced spectra of S-dendrimer at X-band and Q-band respectively. In
the X-band spectra there is no dark signal, and the illuminated signal is composed
of a broad feature and a narrow peak. This agrees well with the CW X-band
results shown in Figure 9.24.
Figure 9.30: Dark, illuminated, and light induced pulsed spectra of S-dendrimer
at X-band. Each spectrum is an average of 16 scans.
The greater resolution at Q-band allows three lines to be seen in the illuminated
spectrum shown in Figure 9.31. The two lower field lines overlap at X-band and
due to similar linewidths cannot be distinguished. These peaks can be examined in
more detail by examining their dependence on microwave power and shot repetition
time, as shown in Figure 9.32. The signals are normalised to the low field peak.
Examining the shot repetition time dependence of the spectra in Figure 9.32,
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Figure 9.31: Dark, illuminated, and light induced pulsed spectra of S-dendrimer
at Q-band. Each spectrum is an average of 2 scans, and was taken at
a microwave power of 6.1 mW and shot repetition time of 2000 µs.
Figure 9.32: Dependence of S-dendrimer illuminated signal on microwave power
and shot repetition times. Each spectrum is an average of two scans.
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it appears that the shorter shot repetition time suppresses the higher field sig-
nals. This indicates that these higher field signals are due to a centre with longer
relaxation time than the low field signal.
The microwave power does not play as significant a role as the shot repetition
time, however does still have some effect on the spectra. The greatest resolution
of the three peaks is seen at a power of 7.6 mW and a shot repetition time of 6000
µs. For the spectra run with a shot repetition time of 1000 µs the highest power
led to a slight saturation of the high field signals.
The dark, illuminated, and light induced spectra of M-dendrimer at Q-band are
shown in Figure 9.33 for a microwave power of 19.2 mW and shot repetition time of
2000 µs. The spectra have the same features as the Q-band spectra of S-dendrimer
shown in Figure 9.30 except for the narrow peak at high field. This agrees well
with the CW X-band spectra shown in Figure 9.25 in which both dendrimers have
similar features, but only S-dendrimer has a narrow line on top of the broad signal.
At X-band the two peaks seen in Figure 9.33 overlap.
Figure 9.33: Dark, illuminated, and light induced pulsed spectra of M-dendrimer
at Q-band. Each spectrum is an average of 2 scans, and was taken at
a microwave power of 19.2 mW with shot repetition time of 2000 µs.
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The illuminated signal from M-dendrimer was recorded at a range of microwave
powers and shot repetition times. Figure 9.34 shows these spectra, with the in-
tensity normalised to the lower field peak. As for S-dendrimer the shorter shot
repetition times suppress the high field peak, suggesting that this feature is asso-
ciated with a centre with a longer relaxation time than that of the low field peak.
Microwave power also affects the signal, with the high field peak more dominant
at lower powers.
Figure 9.34: Dependence of M-dendrimer illuminated signal on microwave power
and shot repetition times. Each spectrum is an average of two scans.
Figures 9.32 and 9.34 both show illuminated spectra recorded at a microwave
power of 7.6 mW and shot repetition time of 6000 µs, and at 9.6 mW and
1000 µs, allowing direct comparisons between the Q-band spectra of S-dendrimer
and M-dendrimer. It is apparent from these spectra that the high field peak in
M-dendrimer (the middle peak in S-dendrimer) is much more significant in M-
dendrimer. This helps explain the differences seen in the CW X-band spectra of
the two materials shown in Figure 9.25, where the same features were present in
each of the materials (except for the narrow peak) but in different fractions. As
the only thing changing between these two dendrimers is the core length, it is
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concluded that this significantly affects the electronic distribution of the molecule,
and that at least one light induced centre depends heavily on the core length.
To determine the exact nature of the centres several approaches could be taken.
These include running LEPR measurements on selectively deuterated materials
and blends with PCBM, as well as extending the pulsed measurements to more
of the cyanine based materials. Density functional theory calculations may also
be useful, however they would need to be performed on the excited state. Time
dependent density function theory has been applied to cyanine dyes [151] and
conjugated dendrimers [152] but the work has not been extended to comparisons
with EPR experiments on these molecules.
9.4 Summary and Future Work
Dendrimers based on iridium, cyanine dye, or fluorene cores have been investi-
gated using photophysical measurements, device fabrication and testing, and EPR
measurements.
The iridium cored dendrimer was characterised using EPR, and charge sepa-
ration was observed when the material was blended with PCBM. This result is in
agreement with previous device work suggesting that significant charge separation
occurs in this blend [52].
Fluorene cored dendrimers were examined using absorption, PLQY, and EPR.
They had an absorption peak at approximately 420 nm, and their luminescence
was quenched when the material was blended with PCBM. The dendrimers gave
extremely weak LEPR signals. For the dendrimer consisting of electron transport-
ing dendrons and a hole transporting core this result was surprising because the
structure of the material makes charge separation likely.
Three families of cyanine cored materials were investigated by measuring their
absorption, PLQY, and EPR spectra, along with fabricating and testing devices.
The absorption spectra of the materials showed the tunability of the dendrimer
absorption through changing the length of core conjugation. When combined with
the fluorene cored dendrimers these materials should absorb a significant portion
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of the solar spectrum. The PLQY of the cyanine cored dendrimers was quenched
by PCBM. Unfortunately devices fabricated from these dendrimers had low power
conversion efficiencies, and comparing the results with literature values of solar cells
based on cyanine dyes showed that the dendrons did not enhance the efficiency.
Future materials could improve upon the current set of dendrimers by combin-
ing the cyanine cores with dendrons such as oligothiophene dendrons or carbazole
based dendrons as these should facilitate hole transport and hence improve the
power conversion efficiencies. The materials could also be combined in a multiple
heterojunction device to produce a device absorbing over a broad region of the
solar spectrum. The EPR spectra showed many interesting features, with several
centres present in the materials. The spectra depend on the length of core conju-
gation, the presence (or absence) of dendrons or Br atoms, and on the counterion.
Further investigations could include examining deuterated materials and blends
with PCBM, as well as extending the pulsed work to a greater range of materials.
10
Dendrimer and Small Molecule:
Nanocrystal Blends
Imagination is more important than knowledge. Knowledge is
limited. Imagination encircles the world.
Albert Einstein
The previous chapters have described blends of polymers with fullerene deriva-
tives or with nanocrystals, and dendrimers blended with fullerene derivatives. The
final link in this set is dendrimers blended with nanocrystals. However, due to the
small quantities of dendrimer available for the experiments it was decided to first
investigate a small molecule which was commercially available, and then to perform
a growth in a dendrimer.
The dendrimer chosen was S-dendrimer, see Figure 10.1, because it was avail-
able in sufficient quantities, and has absorption around 580 nm. This absorption
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region is the closest of all the available dendrimers to that of MEH-PPV, in which
the synthesis was originally developed [114].
Figure 10.1: Chemical structure for S-dendrimer.
The oligomer ADS038FO, shown in Figure 10.2, was chosen because it is sol-
uble in a wide range of solvents (toluene, chlorobenzene, tetrahydrofuran, and
chloroform) and has a very similar molecular weight to S-dendrimer.
Figure 10.2: Chemical structure for the fluorene oligomer.
Syntheses for both PbS and CdS nanocrystals were developed in ADS038FO.
Transmission electron microscopy (TEM), absorption, and photoluminescence quan-
tum yield (PLQY) of the composites were investigated. A synthesis was then de-
veloped for PbS in S-dendrimer and initial characterisation performed. Apart from
the photoluminescence quantum yield measurements, all the work detailed in this
chapter was carried out at the University of Oxford. All the work except for TEM
measurements was performed by the author. TEM measurements were carried
out by Andrew Watt and Alexandros Stavrinadis, with simulations performed by
Alexandros Stavrinadis using Carine Crystallography 3.1.
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10.1 Oligomer: Nanocrystal Blends
10.1.1 Synthesis
All syntheses were carried out in a N2 dry box environment.
PbS nanocrystal growth
The first step of the synthesis was to dissolve the lead precursor and the oligomer
in a mixture of solvents, and to prepare the sulfur precursor. 10 mg of oligomer
and 50 mg of lead acetate trihydrate were dissolved in an anhydrous solution
of 8 mL toluene and 4 mL dimethylsulfoxide (DMSO), forming a clear solution.
Alternatively chlorobenzene could be used instead of toluene. In a separate vial
0.1 g of sulfur flakes were dissolved in 5mL of anhydrous toluene (or chlorobenzene
as appropriate) to give a light yellow solution . Both solutions were heated (to 110
◦C for toluene/DMSO and 75 ◦C for chlorobenzene/DMSO) on a hot plate whilst
being stirred.
1 mL of the sulfur solution was then rapidly injected into the lead precursor
and oligomer solution, and the system was left to react at the same temperature
for up to half an hour. As the nanocrystals grew the solution darkened to a grey
colour. The composite was then removed from the hotplate and allowed to cool to
room temperature.
CdS nanocrystal growth
The CdS synthesis was very similar to that for PbS, with the differences being that
0.1 g of cadmium acetate was used as the precursor (instead of lead acetate) and
the reaction time was four hours rather than thirty minutes. The solution turned
yellow as the reaction proceeded.
Post synthesis treatment
The aim of the post synthesis treatment was to remove unreacted precursor mate-
rials and the DMSO. An excess of methanol was added to the final product and the
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mixture was centrifuged for fifteen minutes. This left the composite attached to
the bottom of the vial. The supernatant could then be removed and the composite
redissolved in toluene or chlorobenzene.
10.1.2 Characterisation
The nanocomposites were characterised using transmission electron microscopy,
absorption measurements, and photoluminescence quantum yield.
Transmission Electron Microscopy
Transmission Electron Microscopy (TEM) was performed by Andrew Watt (PbS
nanocrystals) and Alexandros Stavrinadis (CdS nanocrystals).
Figure 10.3 shows a field of PbS nanocrystals and a high resolution TEM image
of several nanocrystals before post-synthesis treatment. The solvent system used
in this synthesis was toluene/DMSO. Quasi-spherical nanocrystals with diameters
5 - 8 nm were produced. Figure 10.3 shows the crystal planes of the nanocrystal,
and it is apparent that high quality dispersed PbS nanocrystals can be grown in
ADS038FO using a solvent mixture of toluene/DMSO.
Figure 10.4 shows a TEM image of PbS nanocrystals grown using chloroben-
zene/DMSO as solvent. The images show the nanocrystals before post-synthesis
treatment. They were between 5 and 14 nm in diameter. The influence of the
solvent system on the resulting nanocrystals will be explored in more detail in
Section 10.3.1.
Figure 10.5 shows a field of CdS nanocrystals and a high resolution TEM
image of a single nanocrystal before post-synthesis treatment. These nanocrystals
are around 3 - 7 nm in diameter. In Figure 10.5 lattice planes of the nanocrystals
can be seen, and the nanocrystals are well dispersed.
As well as single nanocrystals, rods were formed. A TEM image of rods is shown
in Figure 10.6, along with an FFT of the image. The FFT of each individual rod
shown in Figure 10.6 is the same as that shown, meaning that they are almost
perfectly parallel. From analysis of the FFT image, the phase of the CdS is zinc
blende. The rods are approximately 20 nm × 3 nm, and have a growth axis [110].
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Figure 10.3: TEM image of oligomer: PbS composite before post-synthesis treat-
ment. The growth was performed in toluene/DMSO. a) shows a field
of nanocrystals, whilst b) is a high resolution TEM image of several
nanocrystals.
Figure 10.4: TEM image of oligomer: PbS composite before post-synthesis treat-
ment. The growth was performed in chlorobenzene/DMSO. a) shows
a field of nanocrystals, whilst b) is a high resolution TEM image of a
single nanocrystal.
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Figure 10.5: TEM image of oligomer: CdS composite before post-synthesis treat-
ment. The inset shows a high resolution TEM image of a single
nanocrystal.
Figure 10.6: TEM image of rods in oligomer: CdS composite, and an FFT of the
image.
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Figure 10.7 shows a TEM image of the same oligomer: CdS composite after post
synthesis treatment. The nanocrystals are more aggregated after precipitation, but
still highly crystalline as shown by the clearly observable lattice fringes.
Figure 10.7: TEM image of oligomer: CdS composite after precipitation.
Absorption
Aliquots were taken from the reaction before injection of the sulfur precursor, im-
mediately after the injection, and at intervals until the solution was removed from
the hotplate. These aliquots were added to toluene (or chlorobenzene depending
on the initial solvent) to quench the reaction. Typically a 200 µL aliquot was added
to 1 mL of solvent. Absorption measurements were performed on these samples.
A reference measurement was performed on the appropriate mix of solvents, and
this was subtracted from the data.
Figure 10.8 shows the absorption spectra of the PbS growth before the injection
of the sulfur precursor, immediately after injection, and after fifteen minutes. This
reaction was performed in toluene as the solvent. The peak at 350 nm is due to
the oligomer. Adding the sulfur leads to an increase in the absorption in the UV
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region. The growth of the nanocrystals is seen in the long broadband tail. This is
similar to what is seen for the growth of PbS nanocrystals in MEH-PPV at 100 ◦C
[116]. The small peak at 1125 nm is an artefact due to subtraction of the solvent
absorption.
Figure 10.8: Absorbance spectra at various times during PbS nanocrystal synthe-
sis.
Figure 10.9 shows absorption spectra during the CdS growth. The CdS nanocrys-
tals are seen as a shoulder at 425 nm. After precipitation the nanocomposite was
redissolved in chlorobenzene, using an equal volume to the original solution. Once
again an aliquot was taken and added to chlorobenzene, which ensured that equal
amounts of solution were being examined during absorption measurements. As
seen in Figure 10.10 after precipitation the absorption spectra was much weaker,
but still showed peaks from both the oligomer and the nanocrystals.
Photoluminescence Quantum Yield
Photoluminescence quantum yield (PLQY) measurements were performed on films
of oligomer, and a redissolved composite of PbS nanocrystals in oligomer. The
10.1 Oligomer: Nanocrystal Blends 192
Figure 10.9: Absorbance spectra at various times during CdS nanocrystal synthe-
sis.
Figure 10.10: Absorbance spectra of nanocomposite before and after precipitation.
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solvent used was chlorobenzene, and the excitation wavelength was 325 nm. The
PLQY of the oligomer film was 51 ± 14% and for the PbS nanocomposites the
PLQY was less than 5%. Uncertainties were high due to poor film quality and
problems with the integrating sphere calibration. However, these values still show
that the photoluminescence is significantly quenched by the addition of nanocrys-
tals.
10.2 Dendrimer: Nanocrystal Blends
10.2.1 Synthesis
Nanocrystal Growth
A synthesis of PbS nanocrystals in S-dendrimer was developed, following a very
similar procedure to the PbS nanocrystal synthesis in oligomer described in Sec-
tion 10.1.1.
The synthesis was performed in a N2 dry box environment. 5 mg of S-dendrimer
and 25 mg of lead acetate trihydrate were added to 4 mL anhydrous toluene and 2
mL anhydrous DMSO, forming a purple solution. In a separate vial 0.1 g of sulfur
flakes were dissolved in 5mL of anhydrous toluene to give a light yellow solution .
Both solutions were heated to 110 ◦C on a hot plate whilst being stirred.
0.5 mL of the sulfur solution was rapidly injected into the lead precursor and
dendrimer solution, and the system was left to react for 30 minutes. The composite
was then removed from the hotplate and allowed to return to room temperature.
Post synthesis treatment
In order to remove unreacted precursor materials and the DMSO the nanocom-
posite needs to be separated from the rest of the solution. This is done by adding
a solvent of opposite polarity to the nanocomposite. For nanocrystals in MEH-
PPV and in oligomer the addition of methanol leads to the precipitation of the
nanocomposite. When this mixture is centrifuged the nanocomposite is further
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separated and forms a layer on the bottom of the vial, allowing the supernatant
(containing the DMSO and unreacted precursors) to be removed.
For the synthesis of PbS nanocrystals in S-dendrimer adding an excess of
methanol does not lead to precipitation, even after thirty minutes in the cen-
trifuge. Adding an excess of hexane does lead to separation of the solution into
a coloured layer (containing the nanocomposite) and a clear layer on top, and
centrifuging does assist in separating the components. However the material does
not form a layer on the bottom of the vial, making it difficult to fully separate the
nanocomposite from the solution.
10.2.2 Characterisation
Transmission Electron Microscopy
Transmission Electron Microscopy of the S-dendrimer: PbS nanocomposite was
carried out by Alexandros Stavrinadis. Measurements were made both before any
post synthesis treatment, and after hexane was added and the mixture centrifuged.
Figure 10.11 shows the nanocrystals a) before, and b) after post-synthesis
treatment. The nanocrystals appear to be different sizes before and after the
post-synthesis treatment; before the treatment they are generally 10 - 20 nm, and
afterwards they are 3 - 6 nm. In Figure 10.12 another field of nanocrystals after
post-synthesis treatment is shown, along with a magnified image of one nanocrystal
and an FFT image of this nanocrystal. This figure shows the crystal planes of the
nanocrystal, looking down the [101] plane. From these images it is apparent that
high quality dispersed PbS nanocrystals can be grown in S-dendrimer. However,
as expected from the difficulties with the post-synthesis treatment not all areas of
the film used for TEM images in Figures 10.11b and 10.12 were of high quality.
10.3 Discussion
To the best of the authors knowledge, these results represent the first time that
nanocrystals have been grown in conjugated small soluble molecules for photo-
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Figure 10.11: TEM images of dendrimer: PbS composite a) before and b) after
post-synthesis treatment.
Figure 10.12: TEM image of dendrimer: PbS composite after post-synthesis treat-
ment.
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voltaic applications. Previous work on dendrimer: nanocrystal composites have
been based on either poly(amidoamine) (PAMAM) or poly(propylene imine) den-
drimers. Using these dendrimers CdS nanocrystals have been grown both as inter-
dendrimer particles [153], and as intradendrimer particles, where the nanoparticles
are stabilised by the dendrimer framework [154], and CdSe nanocrystals have been
stabilised using dendron ligands [155].
The work in this chapter extends the small molecules available for synthesising
semiconductor nanoparticles to a conjugated oligomer (ADS038FO) and a conju-
gated dendrimer (S-dendrimer) by basing the synthesis on that of Watt et al. [69]
for growing nanocrystals in conjugated polymers. Given that the synthesis was
successful in both these materials, which have significantly different structures, it
is likely that nanocrystals can be produced in a range of conjugated small soluble
molecules. In addition, this work also shows that the synthesis is general enough
to apply to both PbS and CdS nanocrystals. Again, the same method may be able
to produce other nanocrystals such as CdSe.
10.3.1 Oligomer: PbS
The TEM images of PbS nanocrystals show that nanocrystals can be produced
using a mix of either toluene and DMSO or chlorobenzene and DMSO as the
solvents. The synthesis using toluene/DMSO produced closer to monodisperse
nanocrystals, whilst the nanocrystals produced from the synthesis in chloroben-
zene/DMSO were larger on average. However, the chlorobenzene synthesis was
performed at a slightly lower temperature and the temperature was not stable
for the duration of the synthesis. In general, higher temperatures lead to bigger
nanocrystals [156] so it is odd that the synthesis at 75 ◦C in chlorobenzene yielded
larger nanocrystals than that at 110 ◦C in toluene. The most likely reason for this
is small differences in the amount of time the synthesis ran, however changes in
the morphology of the oligomer between the two solvents [157], and hence changes
in the growth of the nanocrystals, cannot be discounted without further studies.
The PbS nanocrystals were seen in the absorption spectrum as a long broadband
tail. Photoluminescence quantum yield measurements showed that they quench
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the luminescence of the oligomer. This indicates that charge transfer between the
oligomer and nanocrystals is occurring, which is a crucial step for photovoltaic
devices. Fluorene polymers are hole transporting [123]; therefore it is likely that
the fluorene oligomer is the donor and the nanocrystals are the electron acceptors.
10.3.2 Oligomer: CdS
The TEM images of the oligomer: CdS composite showed some extremely inter-
esting results. As well as fields of single nanocrystals, there were also rods present.
Rods have been seen in the synthesis of PbS nanocrystals in MEH-PPV, but only
after post-synthesis treatment [116]. These PbS nanorods appeared to be due to
the aggregation of individual nanocrystals and their presence depended on the
polarity of the alcohol used in precipitation. This aggregation could be seen by
taking FFTs at various positions along a nanorod. The different regions showed
varying zone axes, indicating that they were from two adjacent nanocrystals.
In contrast, an FFT of the rods seen in Figure 10.6 showed one zone axis. This
indicates that the rods were not made up of individual nanocrystals, or if they
were the nanocrystals were all in an identical orientation. The CdS rods also lie
parallel to each other on the TEM grid, as did the PbS nanorods [116]. The FFT
showed that the phase of the rods was zinc blende, which is interesting as generally
the shapes of zinc blende CdS nanoparticles are spherical or tetrahedral.
The formation of nanorods may be assisted by the dipole moments of indi-
vidual nanocrystals. Although the nanocrystals are in the zinc blende phase, it
is probable that they have a permanent dipole moment [158]. Shim and Guyot-
Sionnest performed dielectric dispersion studies on wurzite CdSe nanocrystals and
zinc-blende ZnSe nanocrystals and found that the dipole moment in the ZnSe
nanocrystals had a slightly smaller dipole moment than CdSe nanocrystals of a
comparable size, and that the dipole moment was not insignificant. This polar
nature was hypothesised to be a generic attribute of all nonmetal nanoparticles
because all dielectric nanoparticles are prone to charges localised on the surface
which can lead to polar characteristics of the nanoparticle [158]. Furthermore,
shape assymetry of nanoparticles along with polar bonding should naturally lead
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to a dipole moment [158]. The energy of the dipole attraction between nanoparti-
cles can be calculated using the classical formula for aligned dipoles [159]:
E =
−µ2
2piε0r(r2 − d2NP )
(10.1)
where r is the centre-to-centre interdipolar separation, dNP is the nanoparticle
diameter, and µ is the dipole moment. Using r = 4.5 nm, d = 3 nm (from
Figures 10.5 and 10.6) and µ = 50 D (based on the results in [158]) gives E = 6
kJ/mole, significantly greater than the energy of regular molecular dipole-dipole
attractions of ∼1.5 kJ/mole. Thus, it may be energetically favourable for nanorods
to form through alignment of CdS nanocrystals. This has also been seen in zinc-
blend CdTe nanocrystals [159]. In addition, it is possible that the steric effect of
the oligomer plays a role in nanorod formation, as the quantity of surfactant has
been reported to have a role in CdTe nanorod formation [159].
Parallel alignment of nanorods has been observed in several systems includ-
ing MEH-PPV: PbS [116] and CdSe grown in trioctylphosphine oxide (TOPO)
and hexylphosphonic acid (HPA) [160]. Scher et al. [160] argue that this self-
assembly into something resembling a liquid crystal is not entirely unexpected as
liquid crystals can be modelled by assuming a long rigid body with floppy organic
ends [161], which are very similar to nanorods coated in a surfactant. In the work
of Stavrinadis et al. [116] the parallel alignment of nanorods is thought to be the
energetically favourable solution as the net dipole moments of the nanorods are
anti-parallel. If the formation of nanorods is due to the alignment of nanocrystal
dipoles this anti-parallel dipole argument may also explain the parallel nature of
the nanorods in this system.
Nanorods may offer an advantage over nanocrystals in photovoltaic devices
because they allow the electrons to be transported directly along the length of the
rod and hence through the thin film device [54].
By manipulating both the kinetics and the thermodynamics of the CdS growth
it is likely to be possible to grow nanoparticles of other shapes. In CdS nanopar-
ticles it is common to see largely zinc blende structures at low temperatures and
wurzite crystals at higher temperatures [162], with the transition region being
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around 180 ◦C [163]. Figure 10.6 indicates that the phase of the nanorods was
zinc blende, which is to be expected from a reaction temperature of 110 ◦C. It
is to be expected that if higher temperatures were used in the reaction (enabled
by using higher boiling point solvents such as dichlorobenzene) both zinc blende
and wurtzite structures would be present. Thus, by careful environmental con-
trol it is possible to switch between the two phases and create structures such as
tetrapods [163]. Changing the concentration of monomers can also assist in chang-
ing the phase of the growth [160]. Although nanorods have the advantage over
spherical nanocrystals due to the smaller number of hops needed for an electron
to travel through a photovoltaic device, they tend to lie in the plane of the film,
which does not lead to optimum electron transport. Tetrapods are advantageous
for photovoltaic applications since it is impossible for them to lie flat [64].
In the absorption profile of the composite shown in Figure 10.9 the nanocrystals
are responsible for the shoulder at 425 nm, and this shoulder is also evident in the
absorption profile of the composite after post-synthesis treatment. Comparing the
ratios of the peak due to the oligomer and the shoulder due to the nanocrystals be-
fore and after post-synthesis treatment indicates that the proportion of nanocrys-
tals is higher after precipitation. The presence of excess sulphur in the sample
before precipitation leads to a slight increase in the height of the oligomer peak,
and hence a decrease in the measured relative proportion of nanocrystals. However
this can be roughly corrected for (through subtraction of the sulfur absorption) and
the result still remains that the proportion of nanocrystals to oligomer is higher
after precipitation by a factor of between 2 and 3. This indicates that some of
the oligomer has been washed away during the post-synthesis treatment. For the
purposes of photovoltaics this may be advantageous as a high volume of acceptors
are required to enable a percolation network to form in the device [164]. Although
the TEM of the nanocomposite after precipitation shows that the nanocrystals
are more aggregated than before precipitation, this has not affected the quantum
confinement of the nanocrystals as the absorption edge has not shifted.
In the synthesis of CdS in MEH-PPV, the MEH-PPV absorption peak overlaps
with the CdS absorption and so the shoulder due to the nanocrystals cannot be
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examined. The synthesis in oligomer offers the opportunity to examine the CdS
absorption as the oligomer peak is at a lower wavelength. The absorption band
edge of bulk CdS is at 517 nm. Since the absorption edge of the CdS nanoparticles
is around 425 nm, they are in the quantum confinement regime. The size of the
nanocrystals were between 3 and 7 nm, as determined by TEM. This size is to be
expected from the absorption spectrum [165, 166].
10.3.3 Dendrimer: PbS
The TEM images of the synthesis of PbS nanocrystals in dendrimer show that high
quality dispersed PbS nanocrystals can be grown in S-dendrimer. It is interesting
to note that the nanocrystal sizes before post-synthesis treatment (10 - 20 nm) were
larger than after treatment with hexane (3 - 6 nm). Generally larger nanoparticles
are the first to precipitate from solution so this result is unexpected. In addition,
not all areas of the film used for TEM of the sample treated with hexane showed
high quality nanocrystals. The addition of hexane did not lead to full precipitation
of the nanocomposite and this is likely to be responsible for some of these results.
To achieve precipitation of the nanocomposite the solvent added needs to be
miscible with the original solvents (toluene and DMSO in this case), but have
unfavourable interactions with the nanocomposite. These interactions reduce the
barrier to aggregation and hence precipitation. For syntheses in polymers (such as
MEH-PPV) alcohols, for example methanol, lead to precipitation of the compos-
ite [116]. Methanol was also used to precipitate nanoparticles grown in ADS038FO.
In these cases, the polymer or oligomer was not highly soluble in the polar alcohol.
In the case of S-dendrimer, adding methanol did not lead to precipitation. Assum-
ing that the nanoparticles are fully coated in dendrimer, this lack of precipitation
is because the dendrimer is more polar than the oligomer and hence more soluble
in methanol. Precipitation was also attempted using hexane as it is a non-polar
solvent. However, as outlined above this was not fully successful. This may be due
to the solvents not being sufficiently miscible to allow full precipitation to occur.
A better solvent might be one with polarity between methanol and hexane, such
as hexanol or heptanol. Ideally this solvent would be miscible with toluene and
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DMSO but the nanocomposite would not be soluble in it.
The smaller nanocrystals in the TEM image after hexane treatment may be
due to a size distribution through the remaining layer of solution. The larger
nanocrystals are likely to be found at the bottom of the container, while the TEM
grid was prepared from material closer to the top of the solution.
It would be interesting to attempt a growth of CdS nanocrystals in S-dendrimer
to compare with the properties seen in the oligomer: CdS composite.
10.4 Conclusions
In conclusion, PbS and CdS nanoparticles have been grown in a soluble conjugated
small molecule and a conjugated dendrimer. As the synthesis works for several
conjugated materials and two species of nanoparticle, it is highly likely that it
can be generalised to a variety of conjugated soluble small molecule: nanocrystal
or dendrimer: nanocrystal systems. These systems have potential applications
in optoelectronics, particularly in photovoltaics as the combination of materials
extends the absorbing region of the thin film, the direct interaction between the
nanocrystals and the small molecule is likely to enable efficient charge separation,
and shape control of the nanoparticles may improve charge transfer through the
device.
11
Conclusions and Future Work
“I don’t see much sense in that,” said Rabbit.
“No,” said Pooh humbly, “there isn’t. But there was going to be
when I began it. It’s just that something happened to it along
the way.”
A.A. Milne
This thesis has investigated the physics of a wide range of materials designed
for photovoltaic applications. The materials were divided into five categories: con-
jugated polymers blended with PCBM, nanocrystals synthesised in a conjugated
polymer matrix, conjugated polymers designed for intramolecular charge separa-
tion, dendrimers blended with PCBM, and nanocrystals synthesised in soluble
conjugated small molecules. Each of these material sets has properties which are
advantageous for solar cells, and properties which need to be addressed in order
to further enhance power conversion efficiencies.
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Combining conjugated polymers with PCBM is one of the most studied strate-
gies for organic solar cells [6]. In this thesis such blends were used to replicate
literature results, extended to precursor polymers, and used for developing EDMR
experiments. Three precursor polymers were investigated, and in each case a de-
crease in power conversion efficiency was seen in the blends with PCBM. This was
attributed to changes in the morphology of the film which were likely to be due
to phase separation. Blends of MEH-PPV with PCBM showed much better per-
formance (typically efficiencies of 1.2%), and UV-visible spectroscopy and LEPR
measurements showed excellent agreement with literature results. EDMR experi-
ments in general, and pulsed EDMR in particular, place many constraints on the
contacts of devices [84]. Devices were designed and fabricated taking into account
these constraints, and the first pEDMR measurements on organic solar cells were
achieved.
Nanocrystals are attractive for photovoltaics because it is possible to tune their
band gap across the solar spectrum [61], and because semiconductor nanocrys-
tals can lead to improved charge separation when blended with conjugated poly-
mers [67]. In this thesis the nanocrystals were grown using a one-pot synthesis
developed by Watt et al. in which the nanocrystals are synthesised in a polymer
matrix, hence allowing direct contact between the two materials [69]. This tech-
nique was investigated in a wide range of polymers, and characterisation of the
composites was also performed using LEPR. Precursor polymers proved too unsta-
ble to allow nanocrystal synthesis, however successful syntheses were performed us-
ing MEH-PPV and P3HT. Devices were also successfully fabricated using polymer:
PbS blends. Characterisation was performed on a wide range of nanocomposites,
and the charge separation properties of the materials were investigated.
The possibility of intramolecular charge separation using electronically asym-
metric polymers was investigated using PLQY and LEPR. Quenching of the lumi-
nescence was seen with PLQY, and LEPR measurements revealed that photoexci-
tation led to approximately equal quantities of positive polarons and nitro centred
radical anions. However, single layer solar cells gave poor power conversion efficien-
cies, indicating poor transport of the separated charges. Hence, charge extraction
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issues need to be addressed in future polymers designed for intramolecular charge
separation.
Conjugated dendrimers have been successfully employed in organic light emit-
ting diodes [14], and in this work they have been applied to organic solar cells.
Materials based on fluorene and cyanine dye cores showed excellent tunability
across the visible spectrum, and exhibited luminescence quenching when blended
with PCBM. However, devices based on these materials had low power conversion
efficiencies and the dendrons did not appear to enhance efficiencies. Future work
on these materials could include combining the cyanine cores with dendrons which
facilitate hole transport, and hence improve power conversion efficiencies. Multi-
ple heterojunction devices could also be employed to combine the materials and
produce a solar cell with broadband absorption.
PbS and CdS nanoparticles were grown in conjugated soluble small molecules
for the first time. Previous work on dendrimer: nanocrystal composites has been
limited to several non-conjugated molecules [153, 154, 155]. The synthesis devel-
oped in this thesis can potentially be generalised to a variety of conjugated soluble
small molecule: nanocrystal systems. The combination of materials extends the
absorption of the small molecule, the direct contact between the two components
allows efficient charge separation, and shape control of the nanocrystals could po-
tentially enhance the charge transport properties.
Overall, the dendrimers had the best absorption characteristics of the materials
investigated, and adding nanocrystals further broadened the absorption spectra of
both small molecules and polymers. Blends of polymer with fullerenes showed
excellent charge separation, and all material sets investigated showed photolumi-
nesence quenching in the blend (or with a dipole in the case of NDPFEH-PPV
and NDPF2EH-PPV). Further investigations are needed on the charge separation
characteristics of the nanocrystal blends, and of the dendrimers. Of the materials
from which devices were fabricated, MEH-PPV with PCBM showed the highest
efficiencies, with dendrimer: PCBM devices being among the weakest. Clearly,
the dendrimer structures need to be modified to enable efficient charge extraction
whilst capitalising on their excellent absorption characteristics. Charge transport
205
also needs to be addressed in the charge separation polymers, and shape con-
trol of nanocrystal blends is likely to enhance power conversion efficiencies in the
nanocomposites. The techniques used and developed in this thesis should continue
to contribute to a greater understanding of the underlying physics of materials for
organic photovoltaics.
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